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ABSTRACT 
With insecticide resistance to older insecticidal chemistries becoming ever more 
prevalent in wild insect populations, it is imperative to continually develop new insecticidal 
technologies. Plant essential oils and their constituent terpenoids represent promising 
insecticidal agents and insecticide additives to be used in the future. This dissertation 
categorizes the toxicity of a wide variety of plant essential oils against Aedes aegypti and 
Anopheles gambiae, both of which are important vectors of a number of debilitating viruses 
and parasites. We continue this research by evaluating the degree to which these plant 
essential oils act to enhance/synergize various pyrethroids and other insecticides against 
these species, as well. This work is then complemented by an exploration of the activity of 
numerous plant terpenoids screened against a cell line stably expressing an octopamine 
receptor isolated from the American cockroach. The activity of these terpenoids at this 
receptor is then related to whole organism in vivo toxicity in American cockroaches. 
Finally, we explore the ability of biodegradable micro- and nanoparticles to localize within 
specific tissues in Aedes aegypti mosquitoes to evaluate their potential to carry novel 
insecticidal molecules across the insect cuticle into select target tissues. Through these 
explorations, this dissertation aims to contribute to the body of knowledge directed toward 
understanding the modes and mechanisms of action of plant terpenoids and to strategize 
new approaches for delivering these and other insecticidal molecules in future insecticide 
formulations.    
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CHAPTER 1: GENERAL INTRODUCTION 
 
Insecticide resistance and the hurdles associated with the development of new 
insecticidal ingredients has lead to a dearth of effective insecticidal chemistries. This is 
especially the case in the public health arena with no new insecticidal active ingredients 
having been developed for at least a decade. Plant essential oils and the terpenoids they 
are comprised of represent an exciting new avenue for the development of novel 
insecticidal ingredients. Chapter Two of this dissertation provides a review in which I 
describe multiple bioactivities of terpenoids and plant essential oils when screened 
against pest insect species, and I also highlights some exciting new areas of research 
within this class of chemistry. Chapter Three of this dissertation describes the baseline 
toxicities of over 30 plant essential oils to evaluate their potential to act as contact 
insecticides against multiple species of mosquitoes that are significant vectors of human 
disease. Chapter Four highlights the ability of plant essential oils to synergize multiple 
pyrethroids and antagonize malathion against Aedes aegypti mosquitoes, the vector of 
zika, chikungunya, and yellow fever virus. This ability to synergize pyrethroids is a new 
mode of action of plant essential oils that is significantly characterized in the research 
presented in this dissertation.  Moreover, the ability of select oils to antagonize the pro-
insecticide malathion is strong, yet indirect evidence that some of these plant essential 
oils inhibits oxidative processes within mosquitoes. Chapter Five expands upon this 
research by screening plant essential oils as synergists and insecticide enhancers of 
pyrethroids against pyrehtroid-resistant strains of Aedes aegypti and Anopheles gambiae.  
In this chapter, we also demonstrate the ability of plant essential oils to significantly 
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inhibit glutathione S-transferases and cytochromes P450. In order to provide an even 
broader biochemical basis for some of the insecticidal characteristics produced by 
terpenoids, we present the activity of a variety of terpenoids when screened at an 
octopamine receptor isolated from the American cockroach brain.  
Because the delivery of insecticides is an important pillar in bringing successful 
insecticides to the market and into the field, Chapter Seven aims to characterize the 
localization of a set of biodegradable nano- and microparticles in Aedes aegypti 
mosquitoes after their exposure via two distinct routes. By understanding where these 
particles localize in live insect pests, we may one day be able to couple insecticidal 
payloads to these delivery vehicles for more effective and targeted delivery of insecticidal 
agents. Finally, Chapter Eight provides an overview of the importance of the research 
highlighted in this dissertation and the current state of the field and future opportunities 
for development. It is my hope that this dissertation will serve valuable to other 
researchers in the field that strive for the production of novel and sustainable insecticides. 
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CHAPTER 2.  PRESENT AND FUTURE OUTLOOK: THE POTENTIAL OF 
GREEN CHEMISTRY IN VECTOR CONTROL 
A version of this paper has been accepted for publication in the ACS Book: 
 Advances in the Biorational Control of Medical and Veterinary Pests 
 
 
 
Edmund J. Norris1, Lyric C. Bartholomay2, Joel R. Coats1 
 
1Pesticide Toxicology Laboratory, Dept. Entomology, Iowa State University, Ames, IA 
2 Department of Pathobiological Sciences, University of Wisconsin, Madison, WI 53706 
 
Abstract 
Arthropod-borne disease is a significant problem for the global community. The 
ability of a variety of arthropods to transmit disease agents results in severe mortality, 
morbidity, and economic insult to humans, pets, and livestock. As such, it is imperative 
that researchers continually develop new strategies for the control of the various arthropods 
that are most likely to impact the health of individuals and communities, at large. Plant 
essential oils and their constituent chemistries serve as excellent sources of bioactive 
molecules that can be mined for the development of new pest arthropod control 
technologies. This mini-review will discuss the current technologies utilized for the control 
of arthropod disease vectors and identify some promising new directions that may lead to 
the development of unique pest control strategies. Recent developments in plant essential 
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oil and terpenoid research demonstrate the utility of plant essential oils and terpenoids for 
future arthropod-vector control strategies and formulations. 
 
Introduction 
Arthropod vectors transmit a number of pathogens that are a significant cause of 
mortality and morbidity throughout the world. With over one-half million people dying 
each year from complications associated with the disease agents transmitted by mosquitoes 
and other hemotophagous insects, insect disease vectors cause a significant loss of human 
life annually (1). Beyond deaths caused by these insect-borne diseases, a significant 
economic burden is caused by the morbidity associated with these vector-borne diseases. 
According to the World Health Organization in 2017, nearly 400 million people are 
infected with these disease agents spread by variety of arthropod vectors (1-8). These 
diseases, in many cases, cause severe morbidity and significantly decrease the quality of 
life. Complications from vector-borne diseases such as arthralgia, fever, and overt 
deformation prevent individuals from performing their duties in the workplace or 
significantly detract from psychological wellbeing (1, 4, 5). Many of these diseases may 
also affect chronic health issues and permanently reduce an individual’s physical or 
cognitive faculties (9). In order to prevent these lifelong symptoms, disease prevention is 
paramount and serves as the main defense against the epidemiological burden imparted by 
these diseases.  
Although mosquitoes are considered the deadliest animal, black flies, sand flies, 
triatomine bugs, ticks, and tsetse flies transmit significant human and veterinary disease. 
Mosquitoes are associated with an estimated 350 million cases of disease, while other 
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arthropods are responsible for over 25 million human cases annually, including 
onchocerciasis, leishmaniasis, Chagas disease, and various tick-borne diseases (4, 5). 
Therefore, these arthropods warrant significant attention from researchers and 
governmental agencies to develop new approaches for control.  
 One source of new chemistries for the control of arthropod vectors of disease are 
whole-sourced plant essential oils and the terpenoids that comprise them. Their toxicity to 
various arthropods, safety to humans, rapid breakdown in the environment, and status as 
natural/organic control technologies make them promising candidates for the development 
of new insecticidal formulations in the near future (10). In fact, many products available 
on the market currently utilize these components as arthropod toxicants or repellents (11-
13). This mini-review will focus on the need for new pesticidal chemistries in the fight 
against arthropods of public health and veterinary significance, the mechanism of the 
biological activity of plant oils and plant terpenoids against arthropods, and a brief 
discussion about the hurdles associated with and potential opportunities for the use of 
terpenoids and plant oils as pesticidal agents. 
 
The need for new insecticidal chemistries 
Before the advent of synthetic insecticides, nicotine, pyrethrum, and inorganic 
chemistries dominated the domestic and agricultural pest control arsenal. For public health 
pests, non-chemical control measures were the primary means of limiting the populations 
of insect pests before the arrival of dichlorodiphenyltrichloroethane (DDT) and other 
synthetic insecticides (14,15). The arrival of DDT ushered in the era of synthetic 
insecticides and widespread control for a variety of arthropod pest species (16). 
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Unfortunately, a combination of environmental persistence and toxicity, irresponsible 
usage paradigms, and arthropod-resistance led to many pesticide chemistries becoming 
prohibited or ineffective (17-19). Exacerbating the situation, numerous insecticidal active 
ingredients that were previously used for the control of medical, veterinary, and 
agricultural pest species have been banned because of their toxicity to humans or the 
environment (18). While this certainly limits the exposure of individuals and non-target 
organisms to these compounds, it also decreases the number of pesticides available for 
vector-borne disease control. Moreover, arthropods reproduce rapidly, enabling them the 
ability to evolve resistance quickly to various selective pressures. Indeed, many previously 
efficacious insecticides are becoming ineffective against many populations of wild 
arthropod vectors (19).  
 
Current Control Technologies 
Pest control professionals rely on a select set of tools and chemistries to control 
various arthropod vectors of disease. Pest control for arthropods associated with public 
health and veterinary diseases is a powerful means to prevent transmission of disease 
agents. This is accomplished by preventing the reproduction of the arthropod vector, 
applying pesticides to kill the arthropod at some stage of its life cycle, and/or creating 
physical or chemical barriers between the vertebrate host and the arthropod vector (20).  
 Many of the control technologies currently utilized for the control of vectors do not 
depend on synthetic insecticides. For example, mechanical and environmental control 
effectively limits the ability of the arthropod to breed and decreases its prevalence in 
domestic and peridomestic areas (21). For disease vectors that breed in aquatic 
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environments, reducing larval habitat is very successful for abating populations (22). This 
source reduction can be easily implemented in a variety of environments and requires little 
technical training or resources. For example, the elimination of small containers that collect 
water, filling in ditches or small tree holes that may collect water, and draining swampy 
areas are proven means of mosquito control globally (23). In fact, this method of control 
was one of the most important measures that aided eradication of malaria from the 
continental United States at the turn of the 20th century. Oils and kerosenes are also 
currently exploited for the destruction of aquatic larval habitats, which act by creating a 
hypoxic environment that is lethal to developing larvae (24). Although this is highly 
effective, it may also be deleterious to other non-target organisms. Source reduction of 
other larval habitats, such as rotting vegetation and leaf litter, may prove to be extremely 
valuable in decreasing the numbers of biting flies and fleas in agricultural and domestic 
animals (25-27).  
  Biocontrol and genetic control techniques are other important tools utilized for the 
control of public health and veterinary pests. These include the use of predators to control 
the development of larvae into adults. Predatory fish, such as Gambusia affinis, Poecilla 
reticulate, Cyprinus , and Nothobranchius species, are all effective at controlling mosquito 
larvae. Even some species of mosquito, such as Toxorhynchites species, have been used 
effectively to this end (21, 27, 28). While their effectiveness at reducing mosquito larvae 
is well established, their deployment as a viable means to reduce mosquito-borne disease 
prevalence is still under debate. In contrast, pathogens such as Bacillus thuringiensis 
sphaericus, an entomopathogenic bacteria subspecies, are currently used in products that 
slowly release bacteria into the water column (21). Genetic control, such as the release of 
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genetically modified or sterilized insects, is another utilized and heavily discussed 
approach. Sterile insect release has been highly effective in the control of screwworm fly 
populations in the American Southeast, and is being piloted for the control of mosquito 
populations worldwide. The efficacy of this approach has yet to be fully characterized (29). 
Current disease control projects utilizing these approaches will demonstrate the utility of 
this approach in the near future.  
While the aforementioned control techniques are important and serve as part of a 
well-rounded integrative pest management paradigm, their effectiveness pales in 
comparison to the efficacy of synthetic pesticides. Today, pesticides play a crucial role in 
interrupting arthropods from vectoring disease. Very few pesticide classes remain for the 
control of arthropod vectors of disease. With resistance developing to many of these 
pesticide classes, new modalities are critical to continually control public health and 
veterinary pests. 
 
Resistance mechanisms 
Resistance to insecticides is facilitated by numerous physiological processes, many 
of which have been extensively studied in arthropod vectors and agricultural pests. These 
can be broadly categorized into 1) differences in cuticular penetration, 2) target site 
insensitivities, and 3) increased detoxification of chemical moieties (30-32). 
  Differences in cuticular penetration of synthetic insecticides plays a variable role 
in conferring resistance depending on the insect pest in question. In mosquitoes, little 
evidence exists to suggest that it is a major resistance mechanism. However, there are 
specific reports suggesting this mechanism does play a role in conferring at least some level 
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of resistance to various insecticides (33, 34). Other pests rely heavily on this mechanism 
to overcome the toxic effects of some insecticides. For example, Lilly et al. demonstrated 
that bed bug cuticle was significantly thicker in strains that were resistant to a variety of 
insecticides (35). Pedrini et al. demonstrated that cuticle thickness is directly related to 
pyrethroid resistance in Triatoma infestans, a key vector of Chagas disease parasites (36). 
Mamidala et al. showed that an upregulation of efflux proteins and ABC transporters may 
allow for lower penetration of insecticide into the hemocoel of the targeted insect (37). 
Resistance conferred via this mechanism is difficult to overcome and may require rotation 
to other classes or may cause significant levels of cross-resistance to pesticides with similar 
physicochemical or toxicological properties. 
 Target site insensitivities are also a very common means by which some insects 
become resistant to various insecticides, and can result in cross resistance to multiple 
classes of insecticides that act on the same target site (e.g. DDT resistance may contribute 
to pyrethroid resistance because both chemistries act at voltage-gated sodium channels). 
Target-site resistance may be mediated by changes in the genes that encode the proteins 
targeted by select pesticidal chemistries (32). This is by far the most common means by 
which many insects attain target-site resistance. Another less discussed and more recent 
discovery is an apparent change in the transcription of the target gene in some individuals 
may lead to a lower physiological reliance on certain isoforms of a target protein. Xu et al. 
showed that differential transcription may lead to differing susceptibilities to certain 
pyrethroids (38). This may be accomplished by changes in epigenetic profile. The 
relevance of this subset of target-site resistance to the development of insecticide resistance 
as a whole has yet to be fully understood.  
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 Finally, insecticide resistance may be mediated by the increased 
detoxification of synthetic insecticides. This is most commonly mediated by the 
upregulation of certain classes of detoxification enzymes (19, 30, 32, 39). In general, the 
enzymes involved in this form of resistance fall into one of three classes: esterases, 
glutathione-s transferases, and monooxygenases. These enzyme systems serve as phase I 
and II detoxification systems and allow for secondary coupling of the toxic moiety to a 
conjugate molecule that is readily excretable (40). Many of these enzymes also act to 
change the structure of the toxic moiety to a less toxic form. This mechanism may be 
exploited for the development of future insecticidal formulations by coupling inhibitors of 
detoxification enzyme systems with insecticides. Piperonyl butoxide is the most common 
example of this paradigm, and acts as an inhibitor of various monooxygenases (41). Pro-
insecticides, compounds that require metabolic activation via various enzymatic processes, 
may actually be more lethal to arthropods than select pesticides due to increased enzyme 
activity. For example, Sheppard and Joyce demonstrated that chlorfenapyr was five times 
more effective at controlling pyrethroid-resistant horn flies than a pyrethroid-susceptible 
population and hypothesized that this was due to higher levels of mixed function oxidases 
in the pyrethroid-resistant population (42). Pro-insecticidal active ingredients such as 
chlorfenapyr, bendiocarb, and malathion may be effectively included in pesticide rotation 
regimens to reduce the number of individuals with high levels of detoxification enzyme 
production. 
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New approaches and technologies 
After resistance develops in a select population of pest arthropod, switching to 
another chemical class is essential to achieve control. Some populations of public health 
pests are now resistant to multiple classes of insecticides, making them almost impossible 
to control with chemical means (43). In the current genomics era, researchers have an 
unprecedented insight into the physiological underpinnings of many behaviors and 
biological process of arthropod vectors (44, 45). With these resources, new technologies 
are possible, aimed at specific molecular targets not exploited by previous pesticidal 
chemistries. New odorant binding receptors, gustatory, and photoreceptors have already 
been identified via this approach and common molecular techniques can be used to validate 
these as targets for the development of control chemistries (46, 47). Reverse genetics allow 
researchers to understand the physiological relevance of these various novel biological 
targets (48). Many of these genomic approaches have already yielded tangible research 
deliverables, including targeting G-protein coupled receptors (GPCRs) for the control of 
mosquitoes (47). GPCRs are commonly targeted in the development of pharmaceuticals 
because of their importance in a wide variety of cellular signaling events. Targeting these 
receptors may provide for a fruitful mechanism of action to exploit in future insecticidal 
chemistries. Nuss et al. demonstrated that dopamine receptor antagonists cause larval 
mortality at micromolar concentrations (49). Further work will need to be performed to 
better characterize the potential of other GPCRs as targets for the development of new 
pesticides. Ivermectin is also being explored as a potential pesticide for hemotophagous 
arthropod species. Multiple reports have revealed that, after vertebrate hosts take an oral 
bolus containing ivermectin, it is present in blood plasma at concentrations that are toxic 
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to some mosquito species (50-52). These technologies represent new chemical approaches, 
which target novel molecular targets not previously exploited by previous insecticidal 
formulations.  
Unfortunately, the development of pesticides for the use of public health vector 
control is costly and prohibitive. Discussions are underway to incentivize the development 
of novel active ingredients by agrochemical companies (53). Similar to the Food and Drug 
Administration’s voucher system to increase the likelihood of pharmaceutical companies 
to develop new drugs that can fight vector-borne disaeses in humans, the Vector Expedited 
Review Voucher (VERV) is a special voucher that agrochemical companies may use for 
registering other insecticidal active candidates. After a company develops a novel active 
ingredient and successfully champions it through regulatory agencies into a commercially 
available product, a voucher is granted that will allow for expedited review for other 
agrochemicals. This may ease the data requirements or lengthy review process currently 
mandated by the Environmental Protection Agency for product registration. This system 
could save companies as much as several hundred million dollars during the lifetime of the 
registered product. Recently developed agencies have also played a large role in the 
development of novel active ingredients. Agencies such as the Innovative Vector Control 
Consortium (IVCC) and Bill and Melinda Gates Foundation sponsor research and foster 
collaborations that will lead to the development of new control technologies for public 
health pests (54, 55). Most importantly, these agencies help bridge the gap between 
academic and industry personnel for the mutual goal of creating sustainable and practical 
control solutions. The IVCC has called for 3 new pesticidal classes to be produced within 
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the next decade (49, 54); these modifications to the regulatory landscape may allow for 
these new and necessary pesticidal compounds to become a reality. 
Nanoparticles are also a promising future possibility for delivering old and new 
insecticidal chemistries alike. By either more effectively delivering older chemistries to 
targeted pest tissues and new chemistries in ways they could not be exploited previously, 
there is significant potential in this research in the future. Chapter Six will discuss the 
promise of a select type of biodegradable anoparticle chemistry to localize within specific 
tissues and cells of Aedes aegypti.  
 
Biological Activities of Plant Terpenoids in Arthropods 
The dearth of new chemistries specifically aimed at the control of relevant medical 
and veterinary arthropod species has sparked research into many natural compounds as 
pesticidal active ingredients. Plant compounds have numerous favorable bioactivities in 
insects with respect to pest management. Their efficacy as toxicants and, more recently 
demonstrated, as enhancers/synergists of various synthetic insecticides makes them 
promising technologies for future pesticide formulations. Their repellency towards 
mosquitoes and other public health and veterinary pests illustrates their promise in future 
technologies aimed at preventing arthropod-borne disease. 
 
Baseline toxicity of plant terpenoids 
The toxicity of plant components, beyond pyrethrum, towards insects was revealed 
in the 1960’s and their value in controlling pest arthropods was more thoroughly 
characterized during the 1990s and turn of the century, continuing up to the current day 
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(56). Interest in non-pyrethrum plant components as insecticides was spurred by the 
discovery of azadirachtin from neem oil and the elucidation of its bioactivity in the 1960s 
(14). This research continued to burgeon into many studies wherein the effects of plant 
essential oils against insect pests was described. This continued to such an extent that 
research articles focusing on botanical insectcides constitute approximately a quarter of all 
papers focusing on insecticides in recent years (56). Although plant chemistry is diverse 
and many different classes of compounds are  insecticidal or acaricidal, terpenoid and plant 
essential oil research makes up a significant portion of this body of literature (10, 57). 
 Although the mechanisms of action for these plant compounds to produce toxic 
endpoints are most likely numerous among various target arthropods, a multitude of studies 
revealed their mode of action. Tong and Coats demonstrated that some terpenoids act at 
GABA-gated chloride channels in house fly homogenate at micromolar concentrations 
(58). In particular, thymol, a specific monoterpenoid found in large concentrations in thyme 
essential oil, significantly modulated [3H]-TBOB binding. Other terpenoids also modulated 
this ion channel through either increasing or decreasing [3H]-TBOB binding. This 
indicates that monoterpenoids disrupt the activity of GABA-gated chloride channels, 
which may in turn adversely impact the nervous system in target insects (58, 59). Anderson 
and Coats demonstrated that carvacrol inhibits acetylcholinesterases in house flies, 
American dog ticks, and American cockroaches (60). Moreover, Tong et al. demonstrated 
that carvacrol inhibits [14C]-nicotine at micromolar concentrations. Although activity at 
these various receptors has been demonstrated in numerous studies, there appears to be 
idiosyncratic activities for various terpenoids according to the pest. For example, carvacrol 
inhibits acetylcholinesterase within the American cockroach, but not in the yellow fever 
15 
mosquito (60). Numerous other experiments have revealed the ability of select terpenoids 
to act as acetylcholinesterase inhibitors in a wide variety of arthropod pest species, 
including mosquitoes and ticks (60-63). Toxicity for select terpenoids also differs 
depending on the arthropod challenged (64-66). 
 Plant terpenoids also act at specific biogenic amine receptors within insects. 
Gross et al. demonstrated that monoterpenoids bind to an octopamine receptor isolated 
from American cockroaches (PaOA1) in a ligand-independent histidine-auxotroph assay 
(67). Among the terpenoids screened, eugenol and methyl eugenol were the most bioactive. 
Another study demonstrated that terpenoids bind to an octopamine receptor using a 
radiolabeled ligand binding study and reveals that they act as antagonists and agonists at 
this receptor, alike (68). Moreover, terepenoids have been demonstrated to modulate the 
activity of a tyramine receptor in Chinese hamster ovary cells (69). This modulation 
included antagonism, agonism, and positive and negative modulation. The degree to which 
the modulation of biogenic amine receptors contributes to observed toxicity has yet to be 
determined. These studies, in concert, suggest that terpenoids have a diverse repertoire of 
bioactivities. Chapter Two of this dissertation provides a detailed description of toxicity of 
plant essential oils against Aedes aegypti and Anopheles gambiae females, and serves as 
resource for researchers in this field. Moreover, Chapter Five will characterize the activity 
of specific terpenoids at an octopamine receptor isolated from the American cockroach 
brain.  
Synergism by plant terpenoids 
Although plant terpenoid toxicity is generally significantly lower than that of 
synthetic insecticides (70), adding plant compounds or plant oils to insecticidal mixtures 
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can enhance or synergize the toxicity of certain synthetic insecticides and natural pyrethrins 
(71). Gross et al. demonstrated that plant oils enhance the toxicity of permethrin when 
applied in combination with a discrete dose of the synthetic pyrethroid (72). It is now clear 
that select plant essential oils can enhance or synergize the efficacy of multiple pyrethroids, 
at a similar level to piperonyl butoxide (PBO) (Figure 1). In this exploration, type I 
pyrethroids were more significantly enhanced by plant oils than type II pyrethroids. 
Because type I pyrethroids are generally easier to detoxify than type II pyrethroids, this 
trend could suggest the potential for plant oils to inhibit various detoxification enzyme 
pathways similar to PBO. Other studies have demonstrated the ability of plant oils to act 
as synergists of synthetic insecticides, either in combination with PBO or applied alone. 
Waliwitiya et al. demonstrated that certain plant terpenoids when applied in combination 
with PBO significantly inhibited detoxification enzyme systems in mosquitoes (73). 
Moreover, Joffe et al. demonstrated that plant oils could synergize natural pyrethrum for 
house flies and that this synergism was caused by the inhibition of monooxygenases. These 
are provovactive leads for using plant oils in future insecticidal formulations (74). Faraone 
et al. demonstrated that plant oils synergized certain conventional pesticides against the 
green peach aphid (75), so demonstrating the utility of this approach beyond public health 
and veterinary pests and the ability of plant oils and/or terpenoids to synergize other 
insecticidal classes beyond pyrethrins/pyrethrum. Initial studies reveal that this synergism 
is mediated, at least in part, by the inhibition of detoxification enzymes. Numerous studies 
have demonstrated that plant oils can enhance the toxicity of synthetic pyrethroids. This 
enhancement is also evident after adult mosquitoes are challenged with a pre-exposure to 
a sublethal concentration of plant essential oil for 4 hours before being exposed to a LC20 
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of permethrin. Figure 2 illustrates the ability of select plant oils to enhance permethrin 
when applied using this exposure paradigm. Pre-treatment with a sublethal concentration 
of plant essential oil suggests that inhibiting detoxification processes mediates the increase 
in toxicity caused by plant essential oils. Other experiments have also indicated that plant 
oils inhibit model substrate degradation in various enzyme activity assays (Figure 3). 
Further studies will demonstrate which components of plant essential oils are most relevant 
for the inhibition of select model substrates. Moreover, the ability of plant terpenoids to 
enhance/synergize other insecticides against pesticide-resistant strains of arthropods and 
also synergize classes beyond that of just pyrethroids will need to be further evaluated in 
future experiments. Chapters Three and Four of this dissertation highlight the  
 
Repellency of plant terpenoids to pest arthropods 
Plant terpenoids are highly repellent in a variety of experimental setups and against 
numerous pest species. Studies on ticks, mosquitoes, brachyceran flies, hematophagous 
heteropterans, fleas, and mites have resoundingly demonstrated the potential of these 
compounds in repellent formulations (12, 20, 76-80). Table 1 demonstrates the spatial 
repellency of select plant essential oils to Culex pipiens, the northern house mosquito. This 
repellency was characterized by exposing mosquitoes to a treated filter paper in a 2-ft glass 
cylinder, similar to the protocol outlined by Paluch et al. (77). It is evident from this 
exploration that plant oils act as potent spatial repellents against these pests. Overall, plant 
essential oils caused significantly higher levels of spatial repellency compared to N,N-
diethyl -meta-toluamide (DEET) or p-menthane-3,8-diol. This is due, in part, to the ability 
of plant terpenoids to readily volatilize to higher degree than that of many commercially 
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available synthetic and natural repellent products. As these components volatilize, they 
migrate throughout a given area and act as repellents to pest arthropods on contact (20). 
It is likely this repellent effect is the result of binding of terpenoids to specific 
odorant binding receptors, which elicits specific aversive behaviors (81-83). A few 
comprehensive studies elucidating the molecular targets of these compounds have 
definitively implicated these compounds as classical repellents, acting at chemosensory 
receptors in much the same way as N,N-diethyl -meta-toluamide (DEET). With such 
specific, and well-characterized molecular targets, future chemical modifications of plant 
terpenoids could allow for further optimization of these repellent effects (20). Moreover, 
by modifying the volatility of these compounds, it may be possible to control their 
volatilization and migration throughout a given area. This may yield more long-lasting 
repellent formulations that could be deployed as either spatial repellents or contact 
repellents.  
 
Potential Hurdles for Development 
Although plant oils and their terpenoid constituents possess a variety of properties 
that are ideal for their use as pest control agents, their physical properties continue to 
impede their commercialization. Plant terpenoids are found naturally in plants, produced 
through a variety of various biosynthesis pathways (84). The methodology is well 
developed to isolate fractions that only contain terpenoids (85-87). The terpenoids found 
in plants are structurally diverse and each species of plant may possess unique 
combinations of terpenoids compared to other species, and even within each species 
differences may be significant (88, 89). The cultivation, harvesting, storage of, and 
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distribution of plant species and bulk plant extracts involved in plant essential oil 
procurement may lead to highly variable terpenoid yield and different terpenoid profiles. 
Quality assurance protocols and screening are essential to better source high quality plant 
essential oils or terpenoid batches from select plants. Table 2 illustrates the number of 
terpenoids present in select plant oils. Most importantly, the toxicities for a few of the most 
toxic components are listed. Wide variability in the compounds found within each plant oil 
will likely lead to different toxicities of the whole plant oils. For instance, replacing the 
overall amount of thymol in thyme oil with a less toxic component might result in lower 
mortality when applying this oil to a pest arthropod. Definitively characterizing the plant 
terpenoids likely to produce the desired bioactivity is paramount in assuring the efficacy 
of future formulations composed of plant oils and/or terpenoids. Even if the most toxic 
components are maintained at a threshold level, lower levels of less toxic components 
could lead to lower toxicity, as well. Tak and Isman demonstrated that certain less toxic 
terpenoids synergize other terpenoids by increasing penetration through the cuticle of select 
insects (90). The lack of some of these less toxic agents may prevent the penetration of 
some of the more toxic constituents.  
Plant essential oils and terpenoids are also significantly less persistent than many 
other synthetic pesticidal chemistries (70). While this may be desirable in some pest control 
paradigms, it may result in ineffective pest control against some arthropod pests. When 
exposed to air or light, terpenoids readily volatilize and decay, becoming less active. This 
is a key consideration for how they can be deployed in pesticidal formulations. This quality 
of plant oils/terpenoids makes them favorable home pest control agents as their residual 
character is minimal and mammalian toxicity profiles are benign. However, this may be a 
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development hurdle for other control modalities, such as indoor residual sprays, barrier 
treatments, and pesticidal strips. As such, standard operating procedures for the 
deployment and storage of formulations containing these chemistries must take the 
longevity and volatility of these compounds into account. In general, cool, dark 
environments may be the most appropriate for storing products composed of pesticidal 
plant oils/terpenoids.   
 
Conclusions and Future Opportunities 
Despite these obstacles, the potential of plant oils and plant terpenoids should not 
be overlooked for developing the future arsenal of pest control products for vector control. 
Their low mammalian toxicity, pleasant aroma, short residual character, and volatility are 
attractive for pest control use. Furthermore, their chemical diversity, availability in natural 
sources, and lack of significant non-target toxicity all make these compounds ideal 
candidates for further development. The ability to modify these lead molecules chemically 
also may allow for future biorational products to be produced from these natural molecules. 
Our reliance on old chemistry must change as resistance to these chemistries becomes ever 
more prevalent. Plant essential oils and their constituent terpenoids are generally 
recognized as safe by the FDA and EPA, are good alternatives to synthetic repellents and 
insecticides alike, and serve as potent synergists of current insecticides available on the 
market today. As such, incorporating them into pest control formulations will make for 
more sustainable and safer vector control methodologies. 
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Figures 
 
Figure 1.1. Enhancement of pyrethroids and natural pyrethrum against yellow fever 
mosquitoes exposed to mixtures of the LD25 of pyrethroids/pyrethrum and discrete doses 
of plant essential oils. Plant essential oils were more likely to enhance type I pyrethroids 
than the type II pyrethroids.  
31 
 
Figure 1.2. Enhancement of 24-hr mortality of LC25 of permethrin against yellow fever 
mosquitoes exposed to pre-treatment of plant essential oil. Adult female mosquitoes were 
exposed to a sublethal concentration of plant essential oil for 4 hr prior to exposure to a 
concentration of permethrin that corresponded to the LC25 of permethrin. This increased 
mortality caused by some plant oils indicates that plant oils enhance pyrethroid activity.  
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Figure 1.3. Inhibition of various detoxification enzyme systems by plant essential oils. 
Mosquitoes were exposed to either inhibitors of each enzyme system (PBO, DEF, or 
DEM) or plant essential oils 4 hr prior to the enzyme activity assay. Numerous plant 
essential oils inhibit various enzyme systems at the concentrations applied in this study.  
 
 
 
 
 
 
 
50
60
70
80
90
100
110
120
130
En
zy
m
e
 A
ct
iv
it
y 
(%
 R
FU
/μ
g 
o
f 
A
ce
to
n
e
 
C
o
n
tr
o
l)
 ±
SE
M
Treatment/Plant Oil
glutathione S-transferase
α-naphthyl esterase
cytochrome P450
*
*
*
**
**
*
* *
33 
Tables 
Table 1.1. Percentage spatial repellency of Culex pipiens adult females exposed to filter 
papers treated with discrete concentrations of plant essential oils. KD corresponds to 
knockdown of mosquitoes exposed to these plant essential oils in this repellency assay.  
  Short-term repellency 
Treatment 
15 
min 
90 
min 
150 
min 
acetone (control) 10 0 -3.75 
DEET 20 50a 57a 
p-menthane-3,8-diol 12.5 12.5 20 
catnip KDab KDab KDab 
lemongrass 67.5ab 97.5ab 97.5ab 
cassia 55ab 92.5ab 92.5ab 
cinnamon bark 70ab 85ab 75a 
amyris 40a 75a 90 ab 
origanum 47.5a 72.5a 85a 
geranium 65ab 70a 67.5a 
a denotes statistical significance compared to the control (α = 0.05) 
b denotes statistical significance compared to DEET (α = 0.05) 
 
Table 1.2. Constituents of thyme and Cassia essential oil and their toxicities against adult 
Yellow fever female mosquitoes. 
Thyme Oil   Cassia Oil 
Compound 
% 
of 
oil 
LD50 
Aedes 
aegypti 
(ppm) 
  
Compound 
% 
of 
oil 
LD50 
Aedes 
aegypti 
(ppm)   
α-pinene 1.65 >20,000   eugenol 95 6500 
camphene 1.03 -   β-caryohyllene 4.7 >20,000 
β-pinene 1.36 -   
cinnamyl 
acetate <1 - 
α-terpinene 1.82 -   eugenyl acetate <1 - 
p-cymene 16.6 -      
γ-terpinene 8.41 -      
linalool 3.3 -      
borneol 1.86 -      
thymol 58.4 3500      
carvacrol 3.54 3400      
β-caryophyllene 1.98 >20,000      
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Abstract 
Aedes aegypti and Anopheles gambiae are two mosquito species that represent 
significant threats to global public health as vectors of Dengue virus and malaria parasites, 
respectively. Although mosquito populations have been effectively controlled through the 
use of synthetic insecticides, the emergence of widespread insecticide-resistance in wild 
mosquito populations is strong motivation to explore new insecticidal chemistries. For 
these studies, Aedes aegypti and Anopheles gambiae were treated with commercially 
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available plant essential oils via topical application. The relative toxicity of each essential 
oil was determined, as measured by the 24-hour LD50 and percentage knockdown at one 
hour, as compared to a variety of synthetic pyrethroids. For Aedes aegypti the most toxic 
essential oil (patchouli oil) was approximately 1,700-times less toxic than the least toxic 
synthetic pyrethroid, bifenthrin. For Anopheles gambiae, the most toxic essential oil 
(patchouli oil) was approximately 685-times less toxic than the least toxic synthetic 
pyrethroid. A wide variety of toxicities were observed among the essential oils screened. 
Also, plant essential oils were analyzed via gas chromatography/mass spectrometry 
(GC/MS) in order to identify the major components in each of the samples screened in this 
study. While the toxicities of these plant essential oils were demonstrated to be lower than 
those of the synthetic pyrethroids tested, the large amount of GC/MS data and bioactivity 
data for each essential oil presented in this study will serve as a valuable resource for future 
studies exploring the insecticidal quality of plant essential oils.     
Introduction 
Of all the insect families, Culicidae poses the greatest threat to human public health 
throughout the world (Service 2012). Although most mosquito species are nuisance species 
which do not vector disease agents, many transmit organism that cause some of the 
deadliest and most debilitating diseases known to both humans and domestic animals. 
Dengue fever, yellow fever, lymphatic filariasis, and malaria are just a few of the many 
diseases caused by the etiologic agents vectored by various mosquito species (Service 
2012).  In 2012, the World Health Organization estimated that more than 207 million 
people were infected with malaria parasites, resulting in the loss of approximately 627,000 
lives annually, many of which were children in sub-Saharan Africa and Southeast Asia 
(World Health Organization [WHO] 2013).  Unfortunately, the actual number of deaths 
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could be much higher, as many cases of malaria in developing countries go unreported 
(World Health Organization [WHO] 2013).  
With the advent of insecticide-resistant mosquito populations, the risk of mosquito-
borne disease epidemics is even greater than in previous decades (World Health 
Organization [WHO] 1970). Since the wide-spread use of DDT in the late 1940s and early 
1950s, mosquito populations throughout the world have been steadily developing 
resistance to various classes of insecticides (Pampana and Russell 1955, Pampana 1963, 
Hemingway and Ranson. 2000).  Mosquitoes have acquired resistance to organochlorines, 
organophosphates, and some synthetic pyrethroids through multiple molecular and 
biochemical adaptations. Mutations in genes that encode enzymes and other proteins that 
are targeted by various insecticidal classes can diminish the interaction between 
insecticides and these proteins, limiting their overall effectiveness (Oppenoorth 1984, 
Davies et al. 2008, ffrench-Constant 2013). Also, up-regulation of or mutations in genes 
that encode detoxification enzymes can also confer resistance by enabling insect pest 
species to more effectively metabolize or remove xenobiotics from their cells and tissues 
(Grant and Hammock. 1992, Feyereisen et al. 1995, Berge et. al. 1998). Currently, 
synthetic pyrethroids are the most widely used class of insecticides for controlling 
mosquito populations. Unfortunately, mosquito populations that are resistant to many 
synthetic pyrethroids have already been reported, and more will undeniably be identified 
in the coming decades due to the repeated application and overuse of this insecticidal class 
(Santolamazza et al. 2008, Hardstone et al. 2009, Ranson et al. 2011). 
Synthetic pyrethroids were designed after natural pyrethrins, insecticidal 
compounds isolated from Chrysanthamum cinerariifolium (Tattersfield, F. et. al. 1929, 
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Casida 1980, Mclaughlin 1973, Ruigt 1985). Although the naturally occurring compounds 
are quite insecticidal in the natural form, they possess virtually no residual activity in the 
environment. A broader spectrum of activity against a large array of arthropod species and 
improved photostability were further developed by synthesizing analogs with aromatic 
rings and halogens (Elliot et al. 1973, Elliot et al. 1978, Elliot 1980).  Indeed, many 
synthetic bioactive compounds on the market today were designed after naturally occurring 
compounds. The gamut of compounds produced by bacteria, fungi, plants, and animals 
represent large repositories that could be tapped for the pursuit of creating novel 
insecticides. The variety of components within many commercial plant essential oils is an 
example of such a repository. 
Plant essential oils are composed of hydrophobic, volatile compounds that are 
separated from the vegetative parts of plants by means of steam distillation or solvent 
extraction. Their defining quality is that they possess the same aroma, or essence, of the 
plant from which they are extracted (Cheng et al. 2003, Amorati et al. 2013). These oils 
are primarily composed of terpenoids and phenyl propanoids which are biosynthetically 
produced by plants through either the isoprenoid biosynthesis or shikimate pathway 
(Sangwan et al. 2001). Some terpenoids repel or kill various arthropod pests and have also 
been implicated in the attraction of pollinators and other beneficial species. For example, 
some extracts from amyris (Amyris balsamifera) and Siam-wood (Fokienia hodginsii) have 
been implicated in the repellency of mosquito species, while volatiles from Brassica 
oleracea have been implicated in the attraction of various parasitoids that prey on 
caterpillars that damage the plants (Maia and Moore 2011, Paluch et al. 2009, Poelman et 
al. 2012). While the chemistry of many plant essential oils has been well-documented, there 
38 
is still much to learn about their respective bioactivities, particularly in regards to repellent 
or lethal activity against insects.  
To date, the understanding of plant essential oil mode of action is diverse and 
complex as multiple studies suggests that many molecular targets are involved. In 
Drosophila melanogaster, the binding affinities of select terpenoids to a heterologously 
expressed tyramine receptor correlate directly with the toxicity of these terpenoids in the 
wild-type insect (Enan 2005). Also, significant specific binding of various terpenoids to 
the Periplaneta americana octopamine receptor further suggests that some of these 
terpenoids may be bioactive at these sites (Enan 2001). Plant essential oil components also 
exert their effect through many other modes of action, for example by binding to GABAΑ 
receptor ion channel agonists, as acetylcholinesterase inhibitors, and as nicotinic 
acetylcholine receptor agonists (Tong and Coats 2010, Anderson and Coats 2012, Tong et 
al. 2012). Because of their diverse modes of action, which are unique to many of the 
insecticidal compounds on the market today, there is minimal likelihood of cross-resistance 
with current insecticides on the market. Plant essential oils and their components may 
prove to be valuable tools in the pest management arsenal.  
For this study, we screened a wide array of commercially available essential oils 
for toxicity and knockdown activity against the yellow fever mosquito, Aedes aegypti, and 
the African malaria mosquito, Anopheles gambiae. The essential oils in this study were 
chosen to represent a large diversity of potential chemistries from different plant genera 
and for their commercial availability. From these data, we generated LD50 values to 
compare the effects of these oils both within and between species. We also recorded 
another potential metric of insecticidal action, knockdown (KD) at 1-hour. The data 
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illustrates the potential of whole plant essential oils to control adult female mosquitoes and 
identifies essential oils that may possess compounds that could prove to be insecticidal in 
future studies. 
 
Materials and Methods 
 
Mosquitoes 
Aedes aegypti 
Adults were housed in colony cages (47cm x 47cm x 47cm) and reared at 27°C and 70% 
relative humidity. A 10% sucrose solution was supplied ad libitum via a saturated cotton 
pad. Mosquitoes were blood-fed regularly to promote egg laying. Defibrinated sheep’s 
blood (Hemostat Laboratories, Dixon, CA) was supplied as a blood source via an artificial 
membrane feeding system. Eggs were collected from cages four days after bloodfeeding 
and were stored until needed for hatching. Eggs were hatched in a pan of deionized water, 
and larvae were supplied different amounts of TetraMin Tropical Flakes Fish Food (Tetra, 
Blacksburg, VA) based on larval instar and density. After treatment, adults were supplied 
a 10% sucrose solution ad libitum via saturated cotton pads.  
 Male and female pupae were separated based on distinct differences in size 
(females are larger) via an upright separator. Adults were kept in 1-pt. cartons (Huhtamaki, 
De Soto, KS) in densities of 50 per carton. Adults in cartons were fed 10% sucrose solution 
in a saturated cotton ball placed atop the netting. Cotton balls were re-moistened daily. 
Anopheles gambiae 
 The protocol for rearing mosquitoes of this species was similar to that of Aedes 
aegypti, however vinyl sheeting was wrapped around cages to maintain a higher relative 
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humidity. The blood source for Anopheles gambiae adults was primarily a live rabbit 
(Oryctolagus cuniculus), but defibrinated sheep’s blood (Hemostat Laboratories, Dixon, 
CA) was occasionally used.   
 Because no profound size sexual dimorphism exists between males and females of 
this mosquito species, males and females were separated by aspirators shortly after 
emergence. After emergence, females were introduced into new cups at the same 
concentration (50 mosquitoes/cup) as Aedes aegypti. 
Essential oils/synthetic pyrethroids 
Synthetic pyrethroids were obtained from a variety of sources. Permethrin Z:E 
40:60 (purity 98%) and bifenthrin (purity 97%) were obtained from EcoSMART 
Technologies Inc., Roswell, GA. β-cyfluthrin (purity 99.8%) and deltamethrin (purity 
99.7%) were obtained from Sigma-Aldrich Co. LLC., St. Louis, MO. λ-cyhalothrin (purity 
97.1%) was obtained from Controlled Solutions Inc., Pasedena, TX. Essential oils were 
supplied by EcoSMART Technologies Inc. and were originally obtained from Berjé Inc., 
Carteret, NJ. In order to limit variability within oil samples, lot numbers were associated 
with each essential oil. In the case of resupplying, identical batches of essential oils were 
delivered for the entirety of the project. GC/MS analysis for each essential oil enabled the 
identification of the predominant components within each essential oil. All solutions used 
for topical application were prepared in Certified ACS grade acetone (Thermo Fisher 
Scientific, Waltham, MA).  
 
Topical application 
Topical applications on adult, female mosquitoes were performed using a modified 
World Health Organization protocol (WHOPES 2006). Essential oils and synthetic 
41 
pyrethroids were dissolved in certified acetone at various concentrations that would yield 
between 5% and 95% mortality at 24 hours post-treatment. Mosquitoes were anesthetized 
with carbon dioxide and quickly transferred to a petri dish surrounded by ice to prevent 
reanimation. A filter paper was placed at the bottom of the petri dish to absorb condensation 
and replaced with a new filter paper for each new compound tested. For each application, 
a 0.2-µL volume of solution was applied to the pronotum of each female mosquito using a 
10-µL gastight Hamilton syringe, and treated mosquitoes were transferred to a 4-ounce cup 
with tulle placed on the top to prevent escape. Topical applications took approximately 2-
3 minutes to complete for each concentration of each essential oil (25 mosquitoes total). 
The time at which the last treated female mosquito was placed in the cup was recorded and 
used as the dosage time for the 1-hour percentage knockdown and 24-hour percentage 
mortality readings. Treated mosquitoes were then moved to an environmentally controlled 
incubator (27°C, 80% relative humidity, 16:8-hour light:dark cycle) for 24 hours, at which 
point mortality was recorded. Mortality at 24 hours was defined as the percentage of insects 
that showed no movement (ataxia) after being prodded with a camel hair brush. The same 
procedures were followed for the 1-hour knockdown studies, however observations were 
recorded at 1-hour as opposed to at 24 hours. Knockdown (KD) was defined as the inability 
of a mosquito to fly or orient itself in the upright direction and was recorded at 1 hour post-
application.  
In order to assess the LD50 for each compound or essential oil, data were collected 
for at least five concentrations that yielded between 5% and 95% mortality at 24 hours. A 
total of 25 mosquitoes were treated per replicate, and a minimum of three replicates (25 
mosquitoes/replicate) from different rearing cohorts were conducted for each 
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concentration. “Acetone only” controls were conducted every day (sample size/synthetic 
pyrethroid or essential oil ˃ 375 mosquitoes). Data were not used for analysis if 24-hour 
mortality was higher than 10% in the control. Because Ae. aegypti females weighed nearly 
twice as much as the female An. gambiae females, all toxicity data is reported in µg 
insecticide/g of body weight. 
 
Data analysis 
Mortality data were analyzed via the log-probit method described by Finney (1971) 
by using Probit software (PROC PROBIT, SAS Institute Inc. 2012) with the option to 
account for the control response (OPTC command). More replicates were performed if the 
Probability ˃ Chi-Squared test parameter (Pr>ChiSq) was greater than 0.05. 1-hour 
knockdown percentages within each oil were compared to 24-hour mortality percentages 
for that oil using a t-test (PROC TTEST, SAS Institute Inc. 2012) with the assumption of 
equal variance to detect 1-hour knockdown percentages that were statistically higher than 
24-hour mortality percentages at a significance level of 0.05 (α=0.05). 
 
Results 
 
LD50 Results 
Within Aedes aegypti, a 27-fold range of LD50 values was observed among the 
essential oils screened (patchouli  oil = 1,500 µg/g to sassafras oil = 40,400 µg/g ) (Table 
1). Among the synthetic pyrethroids, a 31-fold range of LD50 values was demonstrated (β-
cyfluthrin = 0.028 µg /g to bifentrhin = 0.87 µg/g) (Table 2). The most toxic synthetic 
pyrethroid tested was approximately 50,000-times more potent compared to the most toxic 
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essential oil (Table 1, Table 2). The least toxic synthetic pryrethroid, bifenthrin, was 
approximately 1,700-times more potent than the most toxic essential oil, patchouli oil 
(Table 1, Table 2).  
Within An. gambiae, there was a 62-fold range of LD50 values among the essential 
oils screened (patchouli oil = 500 µg/g to rosemary oil = 31,000  µg/g) (Table 3). Among 
the synthetic pyrethroids, there was a 243-fold range in LD50 values (deltamethrin = 0.003 
µg/g to bifenthrin = 0.73 µg/g) (Table 2). The most toxic synthetic pyrethroid, 
deltamethrin, for this species was approximately 167,000-times more potent than the most 
toxic essential oil, patchouli oil. The least toxic synthetic pyrethroid, bifenthrin, was 
approximately 685-times more potent than the most toxic essential oil, patchouli oil.  
Between the two species, Anopheles gambiae appeared to be more susceptible to 
both the essential oils and synthetic pyrethroids than Aedes aegypti (Table 1, Table 3). For 
the essential oils, there was up to a 16-fold disparity between the LD50 values, as 
demonstrated by those obtained for each species for catnip oil, with An.gambiae being 
much more susceptible to this essential oil. However, there were exceptions to this general 
trend with Litsea cubeba, cedar leaf, and basil oil all being less toxic to An. gambiae than 
to Ae. aegypti. Also, within each species there was variation in the essential oils. For 
instance, catnip, amyris, and guaiacwood oil were all more toxic to An. gambiae, compared 
to the other essential oils. These oils were considerably less toxic relative to the other 
essential oils when screened against Ae. aegypti.  (Table 1, Table 3). This general trend 
was also true for the synthetic pyrethroids. The disparity in the LD50 values for these 
compounds was much greater than that observed for the oils between species, with 
deltamethrin having an approximate 193-fold greater effect against An. gambiae than Ae. 
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aegypti. Again, there were exceptions to the trend among the synthetic pyrethroids, with 
Ae.aegypti being more susceptible to permethrin than An. gambiae (Table 2). 
There were also some major differences in the toxicities of essential oils between 
species. For example, clove leaf and clove bud oils possessed different LD50 values against 
An. gambiae, with clove leaf being about twice as toxic than clove bud (Table 3). For 
Ae.aegypti, nutmeg (West Indies) oil was more toxic than nutmeg (East Indies) oil 
(Table1). The large percentage of α and β-pinene in the nutmeg (West Indies) oil could 
explain the greater toxicity of this oil compared to nutmeg (East Indies) oil (Suppl. Table 
1). The opposite was true for An. gambiae (Table 3). Another example of a stark difference 
in relative toxicity among the oils was L. cubeba . While it was the fourth-most toxic 
essential oil for Ae. aegypti, this essential oil was only the 17th-most toxic essential oil for 
An. gambiae. Catnip also possessed marked differences in toxicity between the two species. 
While possessing relatively high toxicity for An. gambiae (LD50 = 600 µg/g), it was only 
one of the moderately toxic oils for Ae. aegypti (LD50 = 9,000 µg/g). Cedar leaf oil also 
demonstrated a major relative toxicity difference between species, being the 17th-most 
toxic essential oil against Ae. aegypti and the 30th-most toxic essential oil against An. 
gambiae,. This was also true for basil (Egyptian) oil, as it was the 19th-most potent essential 
oil against Ae. aegypti and only the 31st-most toxic essential oil for An. gambiae. 
 
1-hour knockdown results 
Concentrations of essential oils were chosen in order to ensure between 5% and 
95% mortality at 24 hours. Because of the wide range of toxicities and concentrations used 
for all of the essential oils, it was impossible to compare all essential oils at a single dose 
within species that would cause measurable 24-hour percentage mortality and 1-hour 
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percentage knockdown.. To compare the essential oils, they were organized into separate 
groups that enabled the comparison at particular concentrations within each group.  
For Ae. aegypti, three concentrations (6, 15, and 40µg) were tested that 
corresponded to groups of essential oils demonstrating three levels of toxicity: most, 
moderately, and least toxic, respectively (Figure 1). For many of the essential oils, the 1-
hour knockdown and 24-hour mortality values were similar at the concentrations tested. 
Listing these oils from most toxic to least, patchouli, thyme, cinnamon leaf, clove bud, 
clove leaf, catnip, amyris, guaiacwood, celery seed, nutmeg East Indies, and sassafras 
essential oils all exhibited 1-hour knockdown percentages that were considerably greater 
than the 24-hour mortality percentages observed at each respective screening 
concentration. Of these, patchouli (94 ± 2 % KD vs. 24 ± 4 % mort.), origanum (2 ± 2 % 
KD vs. 22 ± 2 % mort.), cinnamon leaf (60 ± 9.7 % KD vs. 11 ± 3.8 % mort.), clove bud 
(64 ± 20 % KD vs. 2 ± 2 % mort.), clove leaf (74.7 ± 6.7 % KD vs. 2.67 ± 1.3 % mort.), 
guaiacwood (69.3 ± 6.7 % KD vs. 10.7 ± 1.3 % mort.), and celery seed oil have 1-hour 
percentage knockdown that are statistically greater than their respective percentage 24-
hour mortality.  
The range of toxicities (and concentrations screened) of essential oils was narrower 
for An. gambiae. Two concentrations were chosen for comparisons corresponding to two 
groups: most toxic and moderately toxic essential oils, respectively. For An. gambiae, 1-
hour knockdown and 24-hour mortality percentages at each respective concentration were 
more similar than for Ae. aegypti (Figure 2). However, celery seed oil and basil oil caused 
higher 1-hour knockdown percentages than mortality at 24 hours. Of these two essential 
oils, only celery seed (86.4 ± 5.15 %KD vs. 44 ± 8.63 % mort.) oil demonstrated 
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statistically significant higher percentage 1-hour knockdown than its respective percentage 
24-hour mortality.      
 
 
Discussion 
The goal of this study was to explore a wide range of plant essential oils in order to 
determine whether or not plant essential oils could be used as effective insecticidal 
alternatives to other synthetic insecticides currently on the market. Although the LD50 
values for any particular plant essential oil were much higher than all of the synthetic 
pyrethroids tested in this study, components within these plant essential oils (especially the 
most toxic) may prove to be effective insecticides toward adult female mosquitoes. For the 
sake of this discussion, essential oils were separated into three groups ranging from highest 
to lowest toxicities in order to draw general conclusions about the chemistries of 
components within each essential oil: most toxic (1-10 lowest LD50 values), moderately 
toxic (11-20 mid-range LD50 values), and least toxic (21-33 highest LD50 values). The 
GC/MS data for this study is provided in Supplemental Table 1 and is alphabetized by each 
plant essential oil.  
For both mosquito species, patchouli, cassia, thyme, origanum, cinnamon bark, 
clove leaf, and sandalwood oil all fell within the most toxic essential oil group for both 
species. Thyme, origanum, and clove leaf oil all contain large amounts of aromatic 
monoterpenoid (phenyl propanoid) compounds which have been documented as bioactive 
against various different arthropod species (Lee et al. 2003, Stamopoulos et al. 2007). 
Cassia oil and cinnamon bark oil both contain large quantities of cinnamaldehyde, a 
compound with insecticidal and bacteriocidal properties (Didry et al. 1994, Cheng et al. 
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2004, Cheng et al. 2008). Patchouli and sandalwood oil contain large amounts of 
oxygenated sesquiterpenoids, such as E,Z-nuciferol, patchoulol, α and β-santalol among 
others. While these compounds were implicated as antibacterial or antifungal in some 
studies (Vallejo et al. 2001, Lopes-Lutz et al. 2008), little is known about their bioactivity 
in arthropod systems. 
Geranium (Bourbon) oil, lemongrass, citronella, and anise oil were all moderately 
toxic essential oils for both species. These essential oils possess a large amount of linear, 
oxygenated or cyclic aliphatic monoterpenoid compounds: geraniol, menthol, citronellol, 
trans-verbenol, citronellal, and citral are the most predominant components of these oils. 
These essential oils have also demonstrated other bioactivity, such as spatial repellency to 
various species of mosquito (Moore et al. 2007).  
Many of the oils possessed low to minimal toxicity for both species. For Ae. 
aegypti, the least toxic essential oil, sassafras oil, was approximately 46,000-times less 
toxic than the least toxic pyrethroid, bifenthrin. For An. gambiae, the least toxic essential 
oil, rosemary oil, was approximately 42,000-times less toxic than bifenthrin. Essential oils 
with low toxicity possessed lower amounts of aromatic monoterpenoids than their more 
toxic counterparts and were composed primarily of non-polar hydrocarbons. It is possible 
that these compounds diffuse less rapidly through the aqueous hemocoel of the insect being 
treated and are therefore unable to exert any effect at various target tissues. Alternatively, 
these compounds may be easier to metabolize via detoxification enzymes or have less 
neurotoxic effects than the aromatic phenyl propanoids. However, there are exceptions to 
this. Myristicin (from nutmeg E.I. oil), cineole (from rosemary oil), thujone (from 
wormwood), menthol (from peppermint oil), and methyl salicylate (from wintergreen oil) 
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are oxygenated components found in abundance in each of their respective oils and are 
significantly more polar than the other non-polar hydrocarbons.  
Another metric that was utilized in this study to monitor insecticidal action was 
percentage knockdown at one hour post-treatment (KD). Knockdown is a metric suggested 
by the World Health Organization to determine the overall insecticidal characteristic of a 
compound. Some insecticide-resistant insect populations do not manifest the same level of 
knockdown as susceptible populations. Knockdown-resistance (kdr) mutations owe their 
name to this phenomenon (Briggs et al. 1974, Chang and Plapp 1983). It is possible that 
knockdown could be directly correlated to mortality in the field due to increased probability 
of desiccation or predation, by preventing the insect from obtaining water, escaping 
predators, or conducting grooming. This study demonstrates that the knockdown 
percentages for these essential oils are much higher than the 24-hour mortality percentages 
for a number of essential oils. This knockdown effect suggests that some of these essential 
oils may act as effective insecticidal applications despite causing a relatively low 24-hour 
percentage mortality. 
Moreover, the heightened 1-hour percentage knockown when compared to 24-hour 
percentage mortality is particularly apparent in Ae. aegypti. In total, 7 essential oils caused 
higher percentage knockdown at 1 hour post-treatment than mortality at 24 hours. This 
may suggest that Ae. aegypti have higher levels of detoxification enzymes that effectively 
rid the insect of toxic components from these oils. As previously shown by Chang and 
Plapp 1983, insects will experience knockdown initially after exposure to insecticides if 
they do not possess target site mutations conferring resistance. This suggests that recovery 
from an insecticidal challenge must be due to detoxification enzymes. The lower toxicity 
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of most of the essential oils and synthetic pyrethroids for Ae. aegypti when compared to 
An. gambiae in general may suggest different levels of detoxifying enzymes between the 
species.    
While 24-hour percentage mortality is extremely important in judging insecticidal 
efficacy, 1-hour knockdown percentages may also translate to higher levels of mortality in 
the field. Knockdown in the field may contribute to mortality in a number of ways. By 
preventing adult females from obtaining nectar, it is possible that knockdown may 
contribute to desiccation or starvation. Also, adult mosquitoes are also more likely to be 
fed upon by predators if they are unable to escape. It has been demonstrated that insects 
use grooming behaviors for multiple reasons. Preventing the buildup of entomopathogenic 
fungi which can lead to infections and death is a primary function of this conserved 
behavior in many insects (Yanagawa et al. 2010). A high percentage 1-hour knockdown 
may allow for entomopathogenic fungi to colonize adult female mosquitoes in the field, 
leading to high levels of mortality, even if the essential oil or components within do not 
cause high percentage mortality at 24 hours.  
This study illustrated that plant essential oils are demonstrably toxic to adult female 
mosquitoes. Although these plant essential oils may not be as toxic as synthetic insecticides 
used currently on the market, the may still be viable insecticidal agents by increasing the 
dose applied per insect, optimizing proper application rates, and changing formulation 
chemistry in order to effectively deliver these toxic oils or the individual terpenoids that 
they are comprised of. Plant essential oils may also be fairly variable in terms of their purity 
and availability. With the current essential oil market, plant essential oils under the same 
name may be sourced from multiple, potentially very distant geographic regions (Isman 
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and Machial 2006). The variability in geographic region, soil, cultivation practices, steam 
distillation processes, and solar radiation at these disparate farm sites have been implicated 
in the differences in chemistry between plant essential oil batches (Djarri et al. 2008, Porter 
et al. 2010). The factors that contribute to this variability must be addressed if plant 
essential oils are to be used as future insecticides. Even with these hurdles, many 
companies today are marketing plant essential oil formulations as pesticides (Isman 2000).  
Despite the drawbacks in plant essential oil production, plant essential oils are still 
promising potential insecticides for many reasons. As demonstrated through numerous 
studies, they exert their toxic effects through a wide array of modes of action, many of 
which are novel compared to synthetic insecticides on the market. This characteristic may 
be especially important in future insecticide-resistance management regimens. By rotating 
between synthetic insecticides and plant essential oils or plant-derived compounds which 
affect different molecular targets within the insect, the implementation of plant essential 
oils in pest management programs may diminish the likelihood of insect populations 
developing resistance to synthetic insecticides. They may also be important in controlling 
insect populations which have already developed resistance to a large variety of synthetic 
chemistries, which tend to cause rapid inseciticide-resistance development.  
This screening of a wide variety of commercially available plant essential oils 
accomplished multiple goals. By obtaining the LD50 values for various plant essential oils 
and comparing these data to those determined for various synthetic pyrethroids used 
heavily in mosquito control, we conclude that plant essential oils, overall, do not possess 
the same level of toxicity as synthetic pyrethroids. These plant essential oils are 
demonstrably insecticidal, especially the most efficacious oils screened. Furthermore, 
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general conclusions were drawn about the chemistries of the different components of the 
most toxic, moderately toxic, and least toxic essential oil groups. This will enable further 
investigation into why these components are insecticidal and through mode of action 
studies and quantitative structure-activity relationships (QSAR), it may be possible to 
identify chemical derivitizations that create more toxic compounds. Finally, the different 
relative toxicities of plant essential oils to the two mosquito species, when paired with 
future mode of action studies, could lead to valuable insight into the susceptibilities and 
biology of each test organism. Although these plant essential oils did not possess the same 
level of toxicity towards these two mosquito species as synthetic pyrethroids, the 
components within these plant essential oils may still represent potential novel insecticidal 
compounds. The GC/MS data presented in this report for each of the essential oils tested 
will be a valuable reference for future studies that will isolate pure compounds in order to 
assess their respective bioactivities. 
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Figures 
 
Figure 2.1A The 24-hour percentage mortality and 1-hour percentage knockdown of Aedes aegypti caused by various commercially 
available plant essential oils. Plant essential oils are arbitrarily grouped into three groups of different toxicities. This grouping allowed 
essential oils to be compared to one another at identical concentrations. For many oils, the 1-hour knockdown percentages are 
significantly higher for multiple oils than the 24-hour mortality percentages. 
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Figure 2.1B The 24-hour percentage mortality and 1-hour percentage knockdown of Aedes aegypti caused by various commercially 
available plant essential oils. Plant essential oils are arbitrarily grouped into three groups of different toxicities. This grouping allowed 
essential oils to be compared to one another at identical concentrations. For many oils, the 1-hour knockdown percentages are 
significantly higher for multiple oils than the 24-hour mortality percentages. 
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Figure 2.1C The 24-hour percentage mortality and 1-hour percentage knockdown of Aedes aegypti caused by various commercially 
available plant essential oils. Plant essential oils are arbitrarily grouped into three groups of different toxicities. This grouping allowed 
essential oils to be compared to one another at identical concentrations. For many oils, the 1-hour knockdown percentages are 
significantly higher for multiple oils than the 24-hour mortality percentages. 
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Fig. 2.2A. The 24-hour percentage mortality and 1-hour percentage knockdown of Anopheles gambiae caused by various 
commercially available essential oils. Plant essential oils are arbitrarily grouped into two groups of different toxicities. This grouping 
allowed essential oils to be compared to one another at identical concentrations. Some oils caused significantly higher 1-hour knockdown 
percentages than 24-hour mortality percentages. 
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Fig. 2.2B. The 24-hour percentage mortality and 1-hour percentage knockdown of Anopheles gambiae caused by various 
commercially available essential oils. Plant essential oils are arbitrarily grouped into two groups of different toxicities. This grouping 
allowed essential oils to be compared to one another at identical concentrations. Some oils caused significantly higher 1-hour knockdown 
percentages than 24-hour mortality percentage.
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Tables 
 
Table 2.1. Susceptibility of adult female Aedes aegypti to a variety of commercially 
available plant essential oils 
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Table 2.2 Susceptibility of adult female Anopheles gambiae to a variety of 
commercially available plant essential oils 
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Table 2.3. Susceptibility of adult female Aedes aegypti and Anopheles gambiae to a 
variety of synthetic pyrethroid insecticides. 
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Supplemental Table 2.1. GC/MS data for each oil tested in this study.  
Amyris oil  
Compounds Peak Area % 
β-elemene 3464 0.51 
α-cedrene 41771 6.21 
α-curcumene 18334 2.72 
valencene 15866 2.36 
cedrandiol 11092 1.65 
cedrene 25793 3.83 
selina-3,7-diene 7628 1.13 
elemol 77388 11.50 
guaiol 13629 2.03 
r-eudesmol 137411 20.42 
β-gurjunene 154669 22.98 
α-eudesmol 119357 17.73 
 
eudesma-3,7(11)-diene 91850 13.65 
Total: 673017 100.00 
  
 
 
Anise oil Chinese Type 
Compounds Peak Area % 
camphene 11281 1.18 
linalool 3195 0.33 
t-anethole 932602 97.33 
widdrol 11093 1.16 
Total: 958171 100.00 
  
  
 
Basil oil Egyptian Type 
Compounds Peak Area % 
β-pinene 11135 1.49 
1,8-cineole 73791 9.90 
linalool 319924 42.92 
Minor Peak 3825 0.51 
anethole 8210 1.10 
Minor Peak 16155 2.17 
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Supplemental Table 2.1. Continued 
 
  
 
   
Iso-eugenol 41937 5.63 
trans-caryophyllene 31595 4.24 
α-bergamotene 47398 6.36 
Minor Peak 14310 1.92 
Minor Peak 29824 4.00 
Minor Peak 8325 1.12 
Minor Peak 5494 0.74 
germacrene D 30470 4.09 
Minor Peak 16724 2.24 
α-cedrene 32800 4.40 
Minor Peak 22918 3.07 
Total 745432 100.00 
   
Cinnamon Bark    
cinnamaldehyde 462321 87.12 
cinnamyl alcohol acetate 16593 3.13 
cinnamaldehyde o-methoxy 51756 9.75 
Total: 530670 100.00 
  
 
 
Catnip oil 
Compounds Peak Area % 
β-pinene 4209 1.03 
nepetalactone 1 319559 78.52 
nepetalactone 2 6407 1.57 
caryophyllene 4042 0.99 
trans-caryophyllene 49528 12.17 
humulene 4321 1.06 
caryophyllene oxide 5724 1.41 
E,E-1-9, 17-docasatriene 13166 3.24 
Total: 406956 100.00 
 
 
 
 
 
  
 
66 
 
Supplemental Table 2.1. Continued 
 
  
Cedarleaf oil 
Compounds Peak Area % 
α-pinene 14670 2.37 
β-pinene 15791 2.55 
l-β-pinene 12120 1.96 
m-cymene 8778 1.42 
α-glyceryl linolenate 12049 1.95 
fenchone 85147 13.75 
thujone 456008 73.64 
widdrol 14693 2.37 
Total: 619256 100.00 
  
  
 
Cedarwood oil Moroccan Type 
Compounds Peak Area % 
α-gurjunene 5401 0.78 
widdrol 5508 0.79 
α-himachalene 144927 20.82 
α-cedrene 102747 14.76 
α-longipinene  402864 57.88 
cadinene 13794 1.98 
4,5,9,10-dehydro-isolongifolene  20781 2.99 
Total: 696022 100.00 
  
  
 
Cedarwood oil Texas Type 
Compounds Peak Area % 
α-cedrene 95318 13.33 
β-cedrene 28472 3.98 
thujopsene 331315 46.34 
(+ -)-E-nuciferol 28961 4.05 
widdrol 12933 1.81 
cedrol 218035 30.49 
Total: 715034 100.00 
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Supplemental Table 2.1. Continued 
 
Celery Seed oil 
Compounds Peak Area % 
minor peak 11862 1.33 
d-limonene 546349 61.08 
minor peak   27810 3.11 
digitoxin 11061 1.24 
valencene 213006 23.81 
caryophyllene 35709 3.99 
mandelic acid 48680 5.44 
Total: 894477 100.00 
  
  
 
Cinnamon Bark oil 
Compounds Peak Area % 
p-cymene 6219 1.03 
β-pinene 11089 1.84 
minor peaks 18550 3.07 
cinnamaldehyde 497641 82.43 
iso-eugenol 11206 1.86 
trans-caryophyllene 39972 6.62 
cinnamyl alcohol acetate 19029 3.15 
Total: 603706 100.00 
  
  
 
Cinnamon leaf oil 
Compounds Peak Area % 
eugenol 
trans-Caryophyllene 
395388 
19534 
95.29 
trans-caryophyllene 19534 4.71 
Total: 414922 100.00 
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Supplemental Table 2.1. Continued 
 
 
 
 
Citronella oil 
Compounds Peak Area % 
(-)-β-pinene 5410 1.51 
camphene 17850 4.99 
citronellal 150105 41.96 
citronellol 44368 12.40 
geraniol 49455 13.82 
trans-carane 13239 3.70 
linalool formate 7299 2.04 
β-elemene (-) 18077 5.05 
α-cedrene 11556 3.23 
cadina-3,9-diene (Cadinene) 21839 6.10 
elemol 18562 5.19 
Total: 357760 100.00 
 
 
 
 
 
  
 
Clove bud oil 
Compounds Peak Area % 
eugenol 372759 79.31 
trans-caryophyllene 36166 7.70 
humulene 4990 1.06 
iso-eugenol 56075 11.93 
Total: 469990 100.00 
  
  
 
Clove leaf oil  
Compounds Peak Area % 
eugenol 
trans-Caryophyllene Humulene 
406565 
81235 
9896 
81.69 
trans-caryophyllene 36166 16.32 
humulene 4990 1.99 
Total: 497696 100.00 
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Supplemental Table 2.1. Continued 
 
Geranium oil Bourbon Type  
Compounds Peak Area % 
linalool 6802 2.58 
menthone 27452 10.42 
citronellol 127777 48.49 
geraniol 12099 4.59 
menthol 41150 15.62 
α-cedrene 48235 18.30 
Total: 263515 100.00 
  
 
 
Guaiacwood oil 
Compounds Peak Area % 
β-guaiene 
a-bulnesene 
7905 1.10 
α-bulnesene 17729 2.47 
elemol 8664 1.21 
α-cedrene 8676 1.21 
guaiol 220911 30.83 
β-patchoulene 15513 2.16 
β-eudesmol 8367 1.17 
eudesmol 47062 6.57 
hinesol 10912 1.52 
a-eudesmol 28988 4.05 
valencene 321861 44.91 
1(2H)-naphthalenone,3,4,4a,5,6,8a- 
11461 1.60 hexahydro-4a,8-dimethyl-2-(1- 
methylethyl) 
widdrol 8581 1.20 
Total: 716630 100.00 
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Supplemental Table 2.1. Continued 
 
Lemongrass oil Indian Type 
Compounds Peak Area % 
camphene 7508 1.75 
minor peaks 10609 2.47 
minor peaks 6831 1.59 
gamma-lumicolchicine 4718 1.10 
(s)-cis-verbenol 10655 2.48 
t-verbenol 163333 38.03 
geraniol  19076 
206801 
4.44 
citral 206801 48.15 
Total: 429531 100.00 
  
  
 
Litsea cubeba oil  
Compounds Peak Area % 
α-pinene 3356 0.66 
Minor Peak 4554 0.90 
β-pinene 11189 2.20 
d-limonene 80156 15.76 
Minor Peak 11004 2.16 
Minor Peak 5731 1.13 
hexadecanoic acid, methyl ester 5699 1.12 
24,25-dihydroxyvitamin D 9484 1.86 
t-verbenol 169461 33.32 
citral 199566 39.24 
1.66 
Minor Peak 8436 1.66 
Total: 508636 100.00 
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Supplemental Table 2.1. Continued 
 
Nutmeg oil E.I. Type 
Compounds Peak Area % 
α-pinene 97446 20.74 
β-pinene 163710 34.84 
α-terpinene 16126 3.43 
camphene 18646 3.97 
3-carene 31141 6.63 
α-terpinene 10006 2.13 
terpinen-4-ol 18708 3.98 
safrole 13617 2.90 
myristicin 100508 21.39 
Total: 469908 100.00 
  
 
 
Nutmeg oil W.I. Type 
Compounds Peak Area % 
α-pinene 76249 15.79 
β-pinene 263737 54.60 
α-terpinene 45069 9.33 
camphene 21587 4.47 
terpinen-4-ol 22509 4.66 
iso-safrole  7937 
 
15384 
1.64 
myristicin 15384 6.33 
elemicin 30561 3.18 
Total: 483033 100.00 
  
  
 
Orange oil 
Compounds Peak Area % 
L-β-pinene 8315 
814864 
1.01 
d-limonene 814864 98.99 
Total: 823179 100.00 
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Supplemental Table 2.1. Continued 
 
Origanum oil 
Compounds Peak Area % 
α-pinene 8445 1.38 
β-pinene 7053 1.15 
α-terpinene 7279 1.19 
p-cymene 73344 12.01 
3-carene 54485 8.92 
linalool 8959 1.47 
carvacrol 442176 72.41 
trans-caryophyllene 8934 1.46 
Total: 610675 100.00 
  
  
 
Parsley Seed oil 
Compounds Peak Area % 
α-pinene 96637 9.75 
β-Pinene 83919 8.47 
dimethyl-octatetraene 14821 1.50 
myristicin 647126 65.32 
cis-asarone 29635 2.99 
2-methoxy-4-methyl acridinone 73262 7.40 
minor peak 13476 1.36 
3.21 
apiol 31817 3.21 
Total: 990693 100.00 
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Supplemental Table 2.1. Continued 
 
Patchouli oil  
Compounds Peak Area % 
β-patchoulene 26969 3.44 
trans-caryophyllene 27991 3.57 
α-guaiene 119869 15.30 
r-gurjunene 67108 8.56 
α-patchoulene 43055 5.49 
patchoulene 24877 3.17 
caryophyllene 23965 3.06 
α-bulnesene 149566 19.09 
r-selinene 14645 1.87 
patchouli alcohol 285609 36.45 
Total: 783654 100.00 
  
  
 
Peppermint oil Piperita Type  
Compounds Peak Area % 
α-pinene 2398 0.52 
β-pinene 5005 1.09 
camphene 6977 1.51 
1,8-cineole 25614 5.55 
menthone 94481 20.48 
menthofuran 51149 11.09 
menthol 214735 46.55 
4-terpineol 5080 1.10 
pulegone 9970 2.16 
menthyl acetate 25110 5.44 
trans-caryophyllene 10982 2.38 
β-cubebene 9763 2.12 
Total: 461264 100.00 
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Supplemental Table 2.1. Continued 
 
Rosemary oil  
Compounds Peak Area % 
α-pinene 62064 10.64 
camphene 21683 3.72 
β-pinene 28330 4.86 
α-terpinene 4041 0.69 
p-cymene 9524 1.63 
d-limonene 12749 2.18 
1, 8-cineole 319569 54.77 
3-carene 5296 0.91 
linalool 3440 0.59 
camphor 47885 8.21 
borneol 13147 2.25 
terpinen-4-ol 4416 0.76 
α-terpineol 12023 2.06 
bornyl acetate 5538 0.95 
α-cedrene 7374 1.26 
trans-caryophyllene 26425 4.53 
Total: 583504 100.00 
  
 
 
Sassafras oil 
Compounds Peak Area % 
iso-safrole  555425 96.26 
α-cedrene 11613 2.01 
α-santalene 9962 1.73 
Total: 577000 100 
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Supplemental Table 2.1. Continued 
 
Thyme oil 
Compounds Peak Area % 
α-pinene 9128 1.65 
camphene 5693 1.03 
β-pinene 7505 1.36 
α-terpinene 10052 1.82 
m-xylene-2-ethyl 91798 16.63 
3-carene 46444 8.41 
linalool 18229 3.30 
borneol 10289 1.86 
thymol 322360 58.40 
carvacrol 19549 3.54 
1.98 
trans-caryophyllene 10937 1.98 
Total: 551984 100.00 
  
 
 
Wintergreen oil 
Compounds Peak Area % 
methyl salicylate 418576 100.00 
Total: 418576 100.00 
  
 
 
 
Wormwood oil American Type 
Compounds Peak Area % 
β-pinene 13175 2.31 
linalool 15430 2.71 
11-hexadecyl-1-ol 15825 2.77 
thujone 351924 61.70 
30.51 
bicyclo[3,1,0]hex-3-en-2-ol, 2 methyl- 
174048 30.51 
5-(1-methylethyl- (1a,2a,5a)) 
Total: 570402 100 
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Abstract 
Target insect pyrethroid resistance is a significant threat to agricultural production 
and public health protection alike. Due to the lack of economic incentive for the production 
of novel active ingredients for public health pests, this field is particularly affected by the 
potential failure of pyrethroid insecticides due to increasing resistance. As such, innovative 
approaches are needed to overcome insecticide resistance, particularly for mosquitoes that 
transmit deadly and debilitating pathogens. Numerous studies have demonstrated the 
potential of plant essential oils to enhance the efficacy of pyrethroids. Although the 
mechanisms of this enhancement have yet to be identified, the toxicity of pyrethroids 
combined with plant oils is significantly greater than the baseline toxicity data of either 
oils or pyrethroids applied alone, suggesting that there are additive and perhaps synergistic 
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interactions at play in this toxicological profile. For this study, we examined the potential 
of plant essential oils to enhance the toxicity of natural pyrethrins and several  pyrethroids 
(permethrin, deltamethrin, and β-cyfluthrin) when applied in combination with various 
concentrations of various plant essential oils. Plant essential oils enhanced the toxicity of 
the pyrethrins and pyrethroids, especially permethrin and B-cyfluthrin (Type I 
pytrethroids), to differing degrees. To formulate a hypothesis that this synergism was due 
to the inhibition of monooxygenases, mixtures of plant essential oils and malathion were 
applied to mosquitoes. Significant antagonism was observed for a majority of plant 
essential oils applied in combination with malathion, suggesting that plant essential oils 
may inhibit the activation of malathion to malaoxon through oxidative desulfuration within 
exposed adult mosquitoes. 
Introduction 
Resistance to commercially available insecticides represents one of the largest 
threats to public health and food security. The control of insect vectors of medical and 
veterinary disease agents and pests that feed on crops is a paramount objective in sustaining 
healthy and safe communities throughout the world. The projected global market value of 
insecticides in the United States alone in 2012 was over $5 billion dollars1. This value will 
continue to increase as global food supplies continue to depend on larger and more 
specialized commercial farming operations2. Because pest insects in a variety of different 
economic sectors are becoming resistant to insecticides, the need for new insecticidal 
chemistries is more important than ever3.   
 Sustained mosquito management within public health programs is a more dire 
challenge. Because of its relatively small market size, little economic incentive exists to 
create new insecticidal technologies4,5. Instead, mosquito control research and 
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development relies, in large part, on the repurposing of agricultural pest control 
chemistries6. Of the wide variety of agrochemicals available in agricultural pest control, 
only select chemistries are ideal for mosquito control. The persistence of synthetic 
insecticides in the environment, the toxicity of these chemistries to mammals, as well as 
the toxicity of these agents to non-target organisms are all important characteristics that 
limit the viability of mosquito control insecticides. Novel chemistries for the control of 
public health vector insect species must also quickly knockdown the targets, particularly 
when there is active transmission ongoing and it is critical to rapidly intervene and kill 
adult mosquitoes7. Moreover, the relatively few available, approved mosquito control 
chemistries are beginning to fail in the field, as wild mosquito populations continue to 
become resistant to these insecticidal classes. 
 The components of insecticide formulations broadly fit into three distinct 
categories. These categories consist of active ingredients, additives, and synergists 8,9,10. 
Active ingredients work at molecular targets in insects to manipulate insect physiology in 
unique and distinct ways, leading to significant modulation of insect behavior or death. 
Overall, there are relatively few molecular targets that are currently acted upon by available 
insecticide active ingredients for use in mosquito control products11. Current insecticide 
discovery campaigns need to emphasize the exploration of novel chemical classes with the 
hope of identifying compounds that have favorable mammalian and non-target toxicity 
profiles and translocate to desired target sites within insects. Additives represent 
compounds that better aid in the stability of specific active ingredients, allow for 
solubilization of active ingredients in different environments/substrates, aid in the 
penetration of active ingredients through the cuticle of the target pest9. These categories all 
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comprise important elements of designing, developing and deploying new chemistries to 
control target pest insects. 
 Synergists are another important component in some insecticide formulations and 
typically prevent the detoxification of insecticidal active ingredients9,12. These compounds 
function by inhibiting enzymatic pathways that metabolize and aid in the excretion of 
toxicants insects might encounter within their environment12. When used properly, 
synergists increase the overall toxicity of insecticidal active ingredients by increasing the 
concentration of the active compounds available to interact with the target site. Synergists 
can be used to maintain the efficacy of insecticidal chemistries to which insect populations 
have become resistant13,14,15 through selection of individuals with upregulated 
detoxification mechanisms.  
 Plant essential oils and their constituents represent promising additives to 
insecticides. Numerous studies have demonstrated that plant terpenoids act at a variety of 
molecular targets16-21. Some of these targets are distinct from mammalian targets, and thus 
should be safer to humans and non-target animals22. Moreover, multiple studies have 
demonstrated the ability of plant essential oils to enhance the efficacy of different 
insecticidal chemistries23,24. While this mechanism has not been fully characterized, we 
hypothesize this enhancement is caused, in part, by inhibiting the degradation of these 
insecticides by detoxification enzymes. As the development of new insecticidal actives is 
costly and prohibitive25, plant essential oils may represent a relatively cost-effective means 
of increasing the efficacy of various insecticidal formulations. Moreover, many of these 
chemistries are recognized to possess low toxicity to mammals and other non-target 
organisms, and are not likely to be persistent in the environment22.  
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 Our group has identified numerous plant essential oils that enhance the lethality of 
permethrin against multiple species of mosquito. Gross et al. demonstrated that many oils 
enhance permethrin efficacy to a higher degree than piperonyl butoxide in two species of 
mosquito23. Moreover, based on previous work26, the baseline toxicity of these oils is not 
sufficient for completely describing the enhanced efficacy of mixtures of plant essential 
oils and synthetic insecticides against adult female mosquitoes. In his study, we explore 
the potential of plant essential oils to enhance the killing effect of Type I and Type II 
synthetic pyrethroids and natural pyrethins, a natural extract from Chrysanthemum 
cinerariaefolium. To formulate a hypothesis that plant essential oils may inhibit various 
detoxification enzymes, we also applied plant essential oils in combination with malathion, 
which requires oxidative activation to malaoxon to exert its in vivo a toxic effect10.  
 
 
Material and Methods 
Insect rearing 
Adult, female Aedes aegypti (Liverpool strain) were reared according to standard 
laboratory procedures maintained by the Medical Entomology Laboratory at Iowa State 
University. Mosquito colonies were maintained at a constant temperature of 30°C with a 
relative humidity of 80 ± 10% and provided 10% sucrose water pads ad libitum. Colony 
cages were provided a weekly blood meal of defibrinated sheep blood (Hemostat 
Laboratories, Dixon, CA) to promote the development of eggs. Eggs were collected on 
paper towels once per week and deposited into aluminum pans at an approximate density 
of 500-750 eggs/pan. Larvae were fed TetraMin fish flakes (Tetra, Blacksburg, VA) every 
other day and larval water was replaced twice per week. Pupae were collected and 
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subsequently separated based on size. Female pupae were collected and kept in a 12-ounce 
deli carton, at a density of approximately 50 females/carton. Unmated adult female 
mosquitoes were used at 2-5 days post-eclosion in all studies. 
Topical application of insecticide and insecticide/plant essential oil mixtures 
Technical grade synthetic insecticides and natural pyrethrins used for this study 
were obtained from a variety of sources. Permethrin Z:E 40:60 (95% pure) and natural 
pyrethrins (20% pure in ethanol) were obtained from EcoSMART Technologies Inc., 
Roswell, GA. Piperonyl butoxide (PBO) (95% pure) was obtained from EcoSMART 
Technologies Inc., Roswell, GA. Deltamethrin, β-cyfluthrin, and malathion were obtained 
from Sigma Aldrich, St. Louis, MO. To obtain dose-response data for each insecticide, 
varying concentrations of insecticides were applied to individual adult female mosquitoes 
in a volume of 0.2 μL per mosquito. Treated mosquitoes were kept in an environmental 
chamber with a constant temperature of 28°C and 80 ± 10% relative humidity. 
Concentrations were chosen that caused between 5% and 95% mortality at 24 hours after 
exposure.  
 After the LD25 values were calculated for each of the synthetic insecticides, 
mixtures of a discrete dose of insecticide that corresponded to the LD25 and either 1% or 
5% plant essential oil by weight were made. Because enhancement by plant essential oils 
may be mediated by either synergistic processes (e.g., enhancement of cuticular uptake, 
inhibition of monooxygenase detoxification of synthetic insecticides, etc.) or additive 
toxicity (i.e., response addition, assuming the oils mode of action is different than that of 
the pyrethrins/pyrethroids), both low and high plant essential oil dosage mixtures were 
screened to assess the effect of plant terpenoids applied in combination with the pyrethrins 
and the pyrethroids.  
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Data Analysis 
 
LD50 and LD25 value characterization 
Lethal doses required to produce 25% and 50% mortality at 24 hours,  LD25 and 
LD50 values, respectively, were calculated in SAS 9.4 using a PROC PROBIT model with 
OPTC correction. At least five concentrations of each insecticide were chosen that 
produced between 5-95% mortality at 24 hours. A minimum of three biological replicates 
were used for theoretical dose-response calculation to ensure accurate characterizations of 
synthetic insecticide toxicity. A minimum of at least 750 Ae. aegypti mosquitoes were used 
for each insecticide to assess the reproducibility of these studies.  
 
Oil-alone, insecticide-alone and mixture toxicity studies 
For each combination of plant essential oil and insecticide, a minimum of three 
replicates were performed with Ae. aegypti using two concentrations of oil (1% and 5% 
w/v) paired with the LD25 of each insecticide. To assess synergism by plant essential oils 
in each mixture, mosquitoes were also exposed to 0.2 μL plant essential oils alone at both 
the 1% and 5% w/v concentration. For each plant essential oil and insecticide mixture at 
both the 1% and 5% plant essential oil concentrations, three replicates of a 1% oil alone 
and 5% oil alone, and the LD25 of each insecticide application was also performed. This 
was to account for the percentage effect of each of these components (LD25 insecticide 
alone, 1% oil alone, 5% oil alone, 1% oil + LD25 insecticide, 5% oil + LD25 insecticide) 
across biological replicates. This form of analysis will take into account any minor changes 
in effect among different biological cohorts and prevent cohort bias in the analysis. To 
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assess statistical differences among the 24-hr mortality of 1% and 5% plant essential oil + 
LD25 insecticide compared to the LD25 insecticide applied alone, a Student t-test was 
performed (α = 0.05) to assess changes in toxicity that occurred with the addition of the 
plant essential oils compared to the insecticide alone.  
 
Percentage enhancement 
Toxicity was calculated as a percentage of the average mortality of Ae. aegypti 
exposed to each plant essential oil and synthetic insecticide or natural pyrethrin mixture. 
Percentage enhancement was calculated using the following equation for each replicate: 
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡
=  
(𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑥𝑡𝑢𝑟𝑒) − (𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒 𝑜𝑟 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑝𝑦𝑟𝑒𝑡ℎ𝑟𝑖𝑛𝑠)
(𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒 𝑜𝑟 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑝𝑦𝑟𝑒𝑡ℎ𝑟𝑖𝑛𝑠)
 𝑋 100 
 
A Student t-test (α = 0.05) test was performed to evaluate whether the percentage 
enhancement caused by each plant essential oil was statistically significant compared to 
PBO. All statistical analysis was performed using SAS 9.4 (Cary, NC, USA).  
 
Synergism calculations 
Synergy of various components with the plant essential oil and insecticidal mixtures 
was characterized using the method developed by Mansour et al.27. In short, the co-toxicity 
factor was calculated using the calculation below: 
 
𝐶𝑜 − 𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =  
(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)−(𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)
(𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)
 X 100 
84 
 
 
Wherein the observed mortality is that caused by the mixture in question, and the expected 
% mortality is the sum of the mortalities produced by both agents within a mixture. The 
co-toxicity factor can be used to assess whether an antagonistic, additive, or synergistic 
relationship exists among components within a mixture compared to the individual 
components. Values lower than -20 suggest an antagonistic relationship, values between -
20 and 20 suggest an additive character, and values greater than 20 suggest a synergistic 
character. Values less than -15 but greater than -20 or greater than 15 but less than 20 were 
considered trending antagonistic or synergistic, respectively.  
 
Results 
The LD25 and LD50 values for Ae. aegypti exposed to each insecticide were 
calculated (Table 1, permethrin data published previously26). A 207-fold range in LD50 
values and a 718-fold range was observed for the LD25 values was observed from the least 
toxic to most toxic insecticide screened.  The most toxic insecticide for Ae. aegypti in this 
study was β-cyfluthrin, with an estimated LD50 value of 0.03 μg/g mosquito. This was 
followed by permethrin, deltamethrin, malathion, and natural pyrethrins, with LD50 values 
of 0.42, 0.58, 1.42, and 6.21 μg/g mosquito, respectively. The LD25 values for -cylfuthrin, 
deltamethrin, permethrin, malathion, and natural pyrethrins being 0.004, 0.01, 0.19, 1.02, 
and 2.87 μg/g mosquito, respectively.  
 
Combinations with permethrin 
Percentage mortality as a result of exposure to mixtures of plant essential oils and 
permethrin is reported in Figure 1. The 24-hr percentage mortality caused by the LD25 of 
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permethrin alone ranged from 12.8 ± 3 to 48.6 ± 5% for trials associated with each plant 
essential oil. The most toxic plant essential oil for Ae. aegypti in this experiment was basil 
with 60 ± 8% and 92 ± 4% mortality in the 1% and 5% oil alone challenges. The least toxic 
oil for Ae. aegypti was Texas cedarwood (CWT), causing 1.6 ± 1% and 3.2 ± 1% mortality 
at 24-hr in the oil alone challenges. Among the LD25 permethrin + 1% plant essential oil 
exposures, a significant increase in mortality compared to the LD25 of permethrin applied 
alone was observed for both geranium (p = 0.03) and basil oils (p = 0.0022). For the LD25 
permethrin + 5% plant essential oil exposures, multiple oils produced significant increases 
in Ae. aegypti mortality compared to the LD25 permethrin alone exposure. Patchouli (p = 
0.042), Origanum (p = 0.015), clove leaf (p = 0.0279), CWT (p = 0.0047), geranium (p = 
0.003), cinnamon bark (p = 0.0002), basil (p = 0.0019), and Moroccan cedarwood (CWM) 
(p = 0.0145) oils, all produced mortality in Ae. aegypti that was higher than the LD25 of 
permethrin alone. Percentage mortalities of 90.6 ± 6, 76 ± 6, and 74.4 ± 13 were observed 
in combinatorial mixtures of 5% plant essential oil + LD25 of permethrin for basil, 
patchouli, and Origanum and represented the three oils most likely to increase the lethality 
of permethrin. PBO did not significantly increase the toxicity of permethrin at either the 
1% or 5% level when applied in combination with permethrin. Numerous plant essential 
oils and PBO also caused significant synergism when applied to Ae. aegypti in combination 
with permethrin (Table 2). PBO, patchouli, clove bud, geranium, and cinnamon bark 
caused significant synergism when applied to Ae. aegypti in combination with permethrin 
at the 1% concentration. Three plant essential oils caused significant synergism when 
applied in combination with permethrin at the 5% level: CWT, cinnamon bark, and CWM 
all caused significant synergism of this pyrethroid. By contrast, some oils also caused 
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significant antagonism. While synergistic when applied in combination with permethrin at 
the 1% level, PBO was antagonistic at the 5% level. Origanum, clove leaf, and CWT were 
all antagonistic applied at the 1% level, and clove leaf and basil oil were antagonistic at the 
5% level in combination with permethrin. 
 
Combinations with natural pyrethrins 
A different trend was observed for the effect of plant essential oil combinations 
with natural pyrethrins on Ae. aegypti (Figure 2). Again, plant essential oil toxicity 
observed in the natural pyrethrins trial was similar to the previous experimental exploration 
with permethrin, with CWT being the least toxic to Ae. aegypti and basil being the most 
toxic plant essential oil when applied alone at the 1% and 5% concentrations. Moreover, 
the LD25 of natural pyrethrins produced mortality in Ae. aegypti with low variability 
ranging from 8 ± 4% to 24.7 ± 2% for all plant essential oil trials. Although numerical 
increases in 24-hr mortality were observed for many oils applied in combination with the 
LD25 of natural pyrethrins, only patchouli oil (p = 0.0288) produced a significant increase 
in mortality in Ae. aegypti at the 1% level when applied in tandem with natural pyrethrins. 
PBO was not capable of enhancing the mortality caused by natural pyrethrins at this level. 
Multiple plant essential oils (5%) significantly increased 24-hr mortality for Ae. aegypti 
over the LD25 of natural pyrethrins alone. The essential oils were patchouli (p = 0.0255), 
Origanum (p = 0.0032), CWT (p = 0.0074), geranium (p = 0.0147), and cinnamon bark 
(0.042) oils, which caused 98 ± 1%, 53 ± 6%,30 ± 4%, 41.3 ± 4%, and 48 ± 13.5% mortality 
at 24 hr, respectively. Although combinatorial mixtures of other oils with natural pyrethrins 
induced numerically higher mortality in Ae. aegypti than some of these oils, they were not 
statistically significant. Significant synergism was also noted for plant essential oils applied 
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to Ae. aegypti in combination with natural pyrethrins. PBO, patchouli, and clove leaf all 
produced significant synergism when applied at the 1% level in combination with natural 
pyrethrins. Patchouli, CWT, geranium, and cinnamon bark all produced significant 
synergism when applied at the 5% level in combination with natural pyrethrins. Again 
numerous oils produced significant antagonism when applied at either of these two 
concentrations in combination with natural pyrethrins.  
 
Combinations with deltamethrin 
When applied in combination with the LD25 deltamethrin, select plant essential 
produced higher 24-hr mortality in Ae. aegypti than the LD25 of deltamethrin alone (Figure 
3).  Ae. aegypti mortality after exposure to the LD25 of deltamethrin ranged from 22 ± 6% 
to 35 ± 2.7% for all plant essential oil challenges.  No plant essential oil caused a significant 
increase in mortality in Ae. aegypti at 1% in combination with an LD25 of deltamethrin. 
Three plant essential oils (patchouli (p = 0.0342), geranium (p = 0.011), and cinnamon bark 
(p = 0.027) at 5% and in combination with an LD25 of deltamethrin, caused significant 
increases in mortality for Ae. aegypti compared to deltamethrin applied alone.  Mortality 
of 65.3 ± 9.3, 46.4 ± 6.5%, and 43 ± 3.7% were observed in Ae. aeygpti exposed to mixtures 
of the LD25 deltamethrin with patchouli, geranium, or cinnamon bark, respectively. Only 
2 oils caused significant synergism of deltamethin. PBO, clove leaf, and CWM all caused 
significant synergism of deltamethrin and only when applied at the 1% concentration. 
 
Combinations with β-cyfluthrin 
The increase in mortality caused by plant essential oils applied in combination with 
β-cyfluthrin, was considerable for select oils (Figure 4). Two plant essential oils caused a 
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significant increase in Ae. aegypti mortality when applied in combination with the LD25 of 
β-cyfluthrin at the 1% level. Both patchouli (p = 0.0138) and Origanum (p = 0.0165) oil 
caused significant enhancement compared to the LD25 of β-cyfluthrin applied alone. 
Patchouli (p = 0.00155), Origanum (0.0001), CWT (0.012), and cinnamon bark (0.0134) 
oils caused significant increases in mortality in Ae. aegypti compared to the LD25 of β-
cyfluthrin alone when applied in combination with the LD25 β-cyfluthrin at the 5% level. 
For this study, 66 ± 6%, 56 ± 3%,51.2 ± 7%, and 53.3 ± 6.5% mortality was observed an 
Ae. aeygpti at 24 hr after application for combinations of 5% patchouli, Origanum,CWT, 
and cinnamon bark oils and the LD25 of β-cyfluthrin, respectively. Β-cyfluthrin was only 
synergized by two oils, also. Patchouli and Origanum oils were the only oils that caused 
significant synergism of this pyrethroid. Significant antagonism was noted for 
combinations of plant essential oils applied at the 5% level in combination with this type 
II pyrethroid. Seven oils were antagonistic in combinations with deltamethrin and two oils 
were antagonistic in combination with β-cyfluthrin at this level. 
 
Combinations with malathion 
Malathion applied in combination with varying concentrations of plant essential 
oils did not cause as significant of an increase in Ae. aegypti mortality compared to the 
combinations of plant essential oils and pyrethroids (Figure 5). No oils caused an increased 
mortality when applied at 1% in combination with the LD25 of malathion compared to 
malathion alone. However, PBO produced a reduced mortality when applied at 1% in 
combination with malathion (p = 0.008). Only one oil, patchouli (p = 0.0004), caused a 
statistically significant increase in mortality when applied at 5% in combination with the 
LD25 of malathion, producing 70 ± 5% mortality at 24 hr after application. Again, plant 
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essential oil toxicity was similar to that observed with these oils in the previous pyrethroid-
combination studies (Figures 1-4). Malathion was significantly antagonized by almost all 
plant essential oils, with all but one plant essential oil antagonizing malathion when applied 
to Ae. aegypti in combination with insecticide at both the 1% and 5% levels (Table 5). This 
antagonism was also caused by PBO, with -83.3 and -69.4 co-toxicity factors when applied 
at the 1% and 5% level. In general, the antagonism of plant essential oils were lower than 
that caused by PBO for both application concentrations. The one exception to this was 
geranium oil at the 5% level, which produced a co-toxicity factor of -75 compared to the -
69.4 caused by PBO. For the oils that did not produce antagonism, a purely additive co-
toxicity factor was calculated for CWM and clove leaf applied in combination with 
malathion at the 1% and 5% concentrations, respectively. 
 
Percentage enhancement 
Another metric, percentage enhancement, was used to evaluate the degree to which 
plant essential oils increase the toxicity of pyrethroids or malathion when applied to Ae. 
aegypti in combination at 1% (Figure 6) or 5% (Figure 7). At the 1% level, PBO caused 
positive enhancement for all of the pyrethroids tested with 93.5 ± 40%, 178.6 ± 66%, 70.2 
± 40%, and 16.7 ± 19% enhancement when applied to Ae. aegypti in combination with 
permethrin, natural pyrethrins, deltamethrin, and β-cyfluthrin, respectively. PBO caused 
negative percentage enhancement when applied at 1% in combination with malathion (-86 
± 6). Of the oils screened, a majority of oils performed similarly to PBO, when applied at 
the 1 % concentration with a respective insecticide. The exception to this was the ability of 
both patchouli (p = 0.001) and CWM (p = 0.002) to cause statistically higher percentage 
enhancements of malathion than PBO. A number of oils produced statistically lower levels 
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of enhancement than PBO when applied in specific combinations with various insecticides. 
These included Origanum (p = 0.0009), clove leaf (p = 0.042), basil (p = 0.0375), and 
CWM (p = 0.0308) oils when applied in combination with permethrin; basil (p = 0.0041), 
all oils except for patchouli (p < 0.05) oil in combination with natural pyrethrins; Origanum 
(p = 0.0461) and cinnamon bark (p = 0.0249) in combination with deltamethrin; and 
patchouli (p = 0.0173), Origanum (p = 0.0049), and clove bud (p = 0.0252) oils in 
combination with β-cyfluthrin. At the 5% level, many plant essential oils significantly 
outperformed PBO For example, every plant essential oil outperformed PBO in 
combination with at least one insecticide, with the exception of clove leaf. Some oils, such 
as patchouli oil, outperformed PBO in combination with three out of the four pyrethroids 
screened. P-value summaries for oil/insecticide combinations that produced statistically 
higher enhancement values compared to PBO and the corresponding insecticide is provided 
in S1. 
 
Discussion 
The LD50 and LD25 values of various insecticides applied topically to adult, female 
Ae. aegypti were successfully determined in this study in order to later evaluate the 
synergistic potential of plant essential oils compared to PBO. The LD50 values obtained 
from this study for each insecticide were similar to those reported in the literature10,21,26. In 
general, no insecticide LD50 differed from values reported in the literature by greater than 
one order of magnitude. More than 700 mosquitoes were used for each insecticide to 
calculate a robust LD25 value for each insecticide to be utilized in subsequent experiments. 
Table 1 highlights the dose-response statistics for each insecticide utilized in this study. Of 
the insecticides screened initially, β-cyfluthrin was the most toxic insecticide applied to 
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mosquitoes.  This was followed by deltamethrin, permethrin, malathion, and natural 
pyrethrins. Type II pyrethroids (delatmethrin and β-cyfluthrin) were significantly more 
toxic than type I pyrethroids (permethrin and pyrethrins) when comparing LD25 or LD50 
values. For each insecticide screened, the probit model sufficiently described the dose-
response of each insecticide to be used in the subsequent synergism explorations, as 
evidenced by the significant Pearson Chi squared values.  
We screened a panel of pyrethroids in combination with either PBO, a synergist 
that is currently used for adult female Ae. aegypti mosquito control, or plant essential oils. 
PBO did not cause significant increases in type I pyrethroid mortality in Ae. aegypti in this 
study at the 1% rate and only produced increases in mortality of natural pyrethrins at the 
5% application concentration. This may be due to the application protocol utilized in this 
study or the concentration at which PBO was applied. Numerous studies have shown that 
the efficacy of PBO as a synergist is dependent on the concentration at which it is applied28-
31. This is further evidenced by the inability of PBO to increase the toxicity of both type II 
pyrethroids screened in this study (deltamethrin and β-cyfluthrin). It is possible that the 
application concentrations in this study were too low for PBO to be effective as a synergist 
for type I and II pyrethroids. Alternatively, numerous plant essential oils were capable of 
increasing the efficacy of both type I and II pyrethroids at these application concentrations. 
A majority of plant oils produced significant increases in mortality of both permethrin and 
natural pyrethrins, and many oils produced higher percentage mortality than PBO. Plant 
essential oils were less likely to increase the toxicity of type II pyrethroids than type I 
pyrethroids. Among the oils that most significantly increased the toxicity of type II 
pyrethroids, patchouli oil was the only oil that increased the toxicity of both deltamethrin 
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and β-cyfluthrin. This may be due to its intrinsic toxicity, as it was noted as one of the most 
toxic plant essential oils screened in a previous study25. Other oils that caused significant 
increases in type II pyrethroid toxicity were Origanum, cinnamon bark, CWT, and 
geranium oil. Of these oils, cinnamon bark and Origanum oils were also noted to be among 
the most toxic plant essential oils screened previously against Ae. aegypti adults25. CWT 
and geranium oils may be contributing to the toxicity of deltamethrin and β-cyfluthrin by 
a synergistic interaction, respectively, as they were not among the most toxic oils25.  
Alternatively, PBO applied in combination with an LD25 of malathion at a 
concentration of 1% caused a significant decrease in 24-hr mortality compared to the LD25 
of malathion applied alone. A lower percentage mortality of malathion in combination with 
PBO may be produced by the inhibition of oxygenases, which are required to activate this 
pro-insecticide into malaoxon32,-36. A majority of oils either decreased the efficacy of 
malathion or produced no statistically significant increase in 24-hr mortality produced by 
malathion. This may be due to the inhibition of oxidative detoxification enzymes by plant 
essential oils, thus limiting the toxicity of malathion in a similar manner to the effect 
observed in combinations of this insecticide and PBO. At the 5% level, only patchouli oil 
caused a statistically significant increase in mortality for Ae. aegypti when applied in 
combination with an LD25 of malathion. This increase in toxicity may have been caused by 
the intrinsic toxicity of patchouli oil, just like that observed in the combinations of this oil 
with pyrethroids.  
Percentage enhancement caused by PBO or plant essential oils for each of the 
insecticides were also characterized. Percentage enhancement is another method to 
quantify the increased efficacy of insecticides when applied in combination with plant 
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essential oils, and accounts for both additive and synergistic interactions between agents 
within a mixture23. Via this metric, it is apparent that plant essential oils significantly 
enhance a wide variety of insecticides, to a higher degree than PBO in many cases. In 
general, percentage enhancement was more pronounced for plant essential oils applied at 
5% level in combination with various pyrethroids. This may be due to their intrinsic 
toxicity at the 5% application concentration. Also, enhancement occurred more frequently 
for type I pyrethroids applied in combination with plant essential oils compared to type II 
pyrethroids. From an adult mosquito control perspective, this metric may be the most 
informative, as increased toxicity may be the most practical and desired endpoint.  
Finally, to explore whether plant essential oils synergize these insecticides, the co-
toxicity factor was used as a means of assessing the synergistic potential of these various 
oils when applied in mixtures with various insecticides. Tables 2-6 highlight the various 
co-toxicity factors of each insecticide screened with plant essential oils and insecticides or 
plant essential oils applied alone at the LD25 level or the 1% or 5% level, respectively. As 
discussed by Mansour et al., co-toxicity factors greater than 20 indicate a synergistic 
interaction between two toxicants present in an insecticidal mixture, values between 20 and 
-20 indicate a purely additive interaction, and values below -20 suggest an antagonistic 
interaction26. From these data, it is evident that many plant essential oils synergize diverse 
insecticides for Ae. aegypti. PBO synergized the toxicity of both permethrin and natural 
pyrethrins at 1% but not 5%. At the 5% concentration, PBO acted more antagonistically 
with a co-toxicity factor of -24.46 and –14.1 for permethrin and natural pyrethrins, 
respectively. Interestingly, PBO did not synergize type II pyrethroids in this study 
(deltamthrin or β-cyfluthrin) at either the 1% or 5% application level when used in 
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combination with these insecticides for Ae. aegypti. In general, plant essential oils were 
also less likely to synergize the type II pyrethroids in this study; however, a number of oils 
caused synergism for select type II pyrethroids. This highlights a potential advantage of 
utilizing plant essential oils in future insecticidal formulations rather than PBO in future 
insecticidal formulations. As resistance builds to deltamethrin and other type II pyrethroids, 
plant essential oils may represent promising avenues for the development of new 
insecticides.  
Esterase and oxygenase-mediated clearance of pyrethroids is less pronounced for 
type II pyrethroids in general37. The reduced potential of plant essential oils to synergize 
type II pyrethroids may be due to the lower levels of enzymatic clearance or detoxification 
of these insecticides. This difference in type I versus type II pyrethroid metabolism is 
further evidenced by the differential synergism caused by PBO applied in combination with 
either a type I or type II pyrethroid. In a previous study, PBO synergized natural pyrethrins 
(a type I pyrethroid) almost 300-fold, whereas it enhanced deltamethrin (a type II 
pyrethroid) only 10-fold38,39. As reported in our study, lower levels of type II pyrethroid 
synergism caused by PBO and plant oils were evident. PBO and a majority of plant 
essential oils caused significant antagonism when applied in combination with malathion 
at both the 1% and 5% concentration. The antagonism of this insecticide by plant essential 
oils in a similar manner to PBO further indicates that plant essential oils may act to inhibit 
oxidative processes important for the activation of malathion to maloxon via oxidative 
desulfuration. 
Multiple oils enhanced the toxicity of diverse pyrethroids in this study. Of these 
oils, patchouli was the most successful, as it synergized permethrin, natural pyrethrins, and 
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β-cyfluthrin at the 1% concentration. Numerous other plant essential oils successfully 
synergized various pyrethroids at the 5% concentration as well. Of the oils, CWT and 
geranium oils were the most successful synergists against multiple types of pyrethroids. 
When applied at the 5% concentration in combination with various pyrethroids, CWT 
synergized 3 of the 4 screened pyrethroids; only deltamethrin was not synergized by this 
plant essential oil. Moreover, this oil consistently possessed the highest co-toxicity factor 
of all the plant essential oils screened. Finally, all plant essential oils screened caused 
significant antagonism of malathion when applied in combination with the LD25 of 
malathion. This was observed when plant essential oils were combined with malathion at 
both the 1% and 5% concentrations. This result may indicate that particular terpenoids 
within CWT and geranium oils act to interfere with oxidative detoxification processes, 
leading to a higher bioavailability of the topically applied pyrethroid. This in turn could 
lead to the higher percentage mortality and account for synergism in this study.  
 Multiple other studies have suggested that plant essential oils enhance the toxicity 
of permethrin and natural pyrethrins23, 24. The mechanism of this enhancement has not been 
fully explored, but it has been suggested that various components within plant essential 
oils prevent the detoxification of pyrethroids and other insecticides. A previous study 
demonstrated that select plant essential oil terpenoids significantly inhibited detoxification 
enzymes40, so it is possible that the terpenoids in the plant essential oils screened in this 
study work in a similar manner. Our study further confirms this finding with whole 
organism toxicological endpoints, such as 24-hr mortality and co-toxicity factors. Our 
observation of the antagonism of malathion further suggests that plant essential oils act to 
inhibit detoxification processes, specifically monooxygenases, in exposed Aedes aegypti. 
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Because malathion requires activation by monooxygenases, observed antagonism of 
malathion strongly supports that these activation processes are inhibited or down regulated. 
While promising synergistic plant oils were identified, no plant essential oil caused 
significant synergism of all pyrethroids and antagonism of malathion. Instead, the ability 
of plant essential oils to act as synergists depends on the concentration at which they are 
applied and with which insecticide they are applied. Pyrethroids are selectively degraded 
by a number of specific detoxification enzymes within insects23,24. It is very possible that 
particular plant terpenoids are more capable of interfering with select enzyme systems and 
not others. This could account for the variably synergistic profiles of each plant essential 
oil, which appeared to be highly specific to the synthetic insecticide chosen for combined 
application. While these results are promising, suggesting plant essential oils could be 
utilized to synergize future pyrethroid formulations, further work must be completed to 
fully implicate plant essential oils as inhibitors of various detoxification processes. 
Moreover, the characterization of this synergism in other insect models of agricultural, 
urban, or veterinary relevance has also yet to be explored, and would certainly elucidate 
the potential of this approach to pest control, in general.  
 Plant essential oils may represent a more environmentally responsible means of 
increasing the efficacy of current insecticidal formulations that are beginning to lose 
efficacy in the field due to insecticide resistance than turning to synthetic synergists. Plant 
essential oils and natural compounds are generally safer for humans and non-target 
organisms and are less persistent in the environment than many conventional insecticides 
and synergists22. This study demonstrates that they have the ability to increase the toxicity 
of various pyrethroids by synergizing these insecticides. Pest control campaigns must begin 
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considering the development of more sustainable and eco-friendly insecticidal 
formulations. Due to the lengthy process involved in the development of novel insecticides, 
the use of novel, safe synergists as an alternative means of increasing insecticidal efficacy 
may be both a viable and responsible approach.  
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Figure 3.1. Percentage mortality at 24 hr after application of various treatments 
associated with each of the synergist or plant essential oil used in combination with 
permethrin applied to Aedes aegypti adult females. Percentage mortality of the 1% 
synergist/plant essential oil + LD25 permethrin combination that was statistically 
significant compared to the percentage mortality of the LD25 permethrin alone application 
was designated (†). Percentage mortality of the 5% synergist/plant essential oil + LD25 
permethrin combination that was statistically significant compared to the percentage 
mortality of the LD25 permethrin alone application was also denoted (*). PBO, CWT, 
CWM represent piperonyl butoxide, Texas cedarwood, and Moroccan cedarwood, 
respectively. 
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Figure 3.2. Percentage mortality at 24 hr after application of various treatments 
associated with each of the synergists or plant essential oils used in combination with 
natural pyrethrins applied to Aedes aegypti adult females. Percentage mortality of the 
5% synergist/plant essential oil + LD25 natural pyrethrins that was statistically significant 
compared to the percentage mortality of the LD25 natural pyrethrins alone application was 
also denoted (*). PBO, CWT, CWM represent piperonyl butoxide, Texas cedarwood, and 
Moroccan cedarwood, respectively.  
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Figure 3.3. Percentage mortality at 24 hr after application of various treatments 
associated with each of the synergists or plant essential oils used in combination with 
deltamethrin applied to Aedes aegypti adult females. Percentage mortality of the 5% 
synergist/plant essential oil + LD25 deltamethrin combination that was statistically 
significant compared to the percentage mortality of the LD25 deltamethrin alone application 
was also denoted (*).PBO, CWT, CWM represent piperonyl butoxide, Texas cedarwood, 
and Moroccan cedarwood, respectively.  
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Figure 3.4. Percentage mortality at 24 hr after application of various treatments 
associated with each of the synergists or plant essential oils used in combination with β-
cyfluthrin applied to Aedes aegypti adult females. Percentage mortality of the 5% 
synergist/plant essential oil + LD25 β-cyfluthrin combination that was statistically 
significant compared to the percentage mortality of the LD25 β-cyfluthrin alone application 
was also denoted (*).PBO, CWT, CWM represent piperonyl butoxide, Texas cedarwood, 
and Moroccan cedarwood, respectively.  
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Figure 3.5. Percentage mortality at 24 hr after application of various treatments 
associated with each of the synergists or plant essential oils used in combination with 
malathion applied to Aedes aegypti adult females. Percentage mortality of the 1% 
synergist/plant essential oil + LD25 malathion combination that was statistically significant 
compared to the percentage mortality of the LD25 malathion alone application was 
designated (†). Percentage mortality of the 5% synergist/plant essential oil + LD25 
malathion combination that was statistically significant compared to the percentage 
mortality of the LD25 malathion alone application was also denoted (*). PBO, CWT, CWM 
represent piperonyl butoxide, Texas cedarwood, and Moroccan cedarwood, respectively.  
 
 
 
 
 
 
 
 
 
107 
 
 
 
 
Figure 3.6. Percentage enhancement of mortality at 24 hr post application ± SEM of a 
mixture of 1% synergist or plant essential oil compared to the LD25 of insecticide 
(synthetic insecticide or natural pyrethrins) alone applied to Aedes aegypti adult 
females. Each bar represents the average percentage enhancement for 1% plant essential 
oil in combination with the LD25 of each insecticide listed above. The average percentage 
enhancement for each mixture was compared to the percentage enhancement caused by 1% 
PBO + each insecticide via a one-way ANOVA with a Student Newman-Kuel’s test (α = 
0.05). Oils producing statistically significant increases in percentage enhancement 
compared to PBO are denoted with an asterisk (*). Oils that produced statistically 
significant decreases in percentage enhancement are denoted with a plus-minus sign (±).  
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Figure 3.7. Percentage enhancement of mortality at 24 hr post application ± SEM of a 
mixture of 5% synergist or plant essential oil compared to the LD25 of insecticide 
(synthetic insecticide or natural pyrethrins) alone applied to Aedes aegypti adult 
females. Each bar represents the average percentage enhancement for 5% plant essential 
oil in combination with the LD25 of each insecticide listed above. The average percentage 
enhancement for each mixture was compared to the percentage enhancement caused by 5% 
PBO + each insecticide via a one-way ANOVA with a Student Newman-Kuel’s test (α = 
0.05). Statistically significant percentage enhancement (increased or decreased 
enhancement) are denoted with an asterisk.  
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Tables 
Table 3.1. Dose-responses for Ae. aegypti topically exposed to a panel of insecticides. 
  
Insecticide N LD25 
(μg/g 
mosq.) 
LD50 
(μg/g 
mosq.) 
Slope 
(SE) 
95% CI (of 
LD50) 
χ2 
(DF) 
       
permethrin 1300 0.19 0.42 1.93 
(0.3) 
0.3-0.51 129.6 
(43) 
 
natural 
pyrethrins 
850 2.87 6.21 2.015 
(0.3) 
4.5-8.6 98.5 
(27) 
 
 
-cyfluthrin 
1575 0.004 0.03 0.84 
(0.15) 
0.02-0.06 199.6 
(51) 
 
 
deltamethrin 
1525 0.01 0.58 0.39 
(0.08) 
0.21-5.2 120.0 
(50) 
 
 
malathion 
900 1.02 1.42 4.73 
(0.73) 
1.3-1.6 92.3 
(28) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
1
0
 
 
Table 3.2. Synergism and antagonism of an LD25 of permethrin by piperonyl butoxide and select plant essential oils applied to 
Ae. aegypti adult females. Grey shading indicates a synergistic interaction whereas black shading indicates an antagonistic 
interaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 % Mortality 
Pyrethroid 
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortality
Observed 
% 
Mortality 
Co-toxicity 
Factor
% Mortality 
Pyrethroid
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortalit
Observed 
% 
Mortality 
Co-toxicity 
Factor
21.1 2.0 23.1 36.0 55.8 21.1 22.2 43.3 32.7 -24.5
26.7 6.7 33.4 42.7 27.8 26.7 60.0 86.7 76.0 -12.3
28.8 22.0 50.8 28.8 -43.3 28.8 54.0 82.8 74.4 -10.1
24.0 4.0 28.0 36.0 28.6 24.0 35.0 59.0 48.0 -18.6
48.6 2.0 50.6 38.9 -23.1 48.6 50.0 98.6 66.3 -32.8
32.0 1.6 33.6 4.0 -88.1 32.0 3.2 35.2 58.4 65.9
12.8 0.0 12.8 29.6 131.3 12.8 17.3 30.1 49.2 63.5
18.4 4.0 22.4 27.2 21.4 18.4 36.0 54.4 61.6 13.2
33.3 60.0 93.3 80.0 -14.3 33.3 92.0 125.3 90.6 -27.7
34.0 2.0 36.0 43.0 19.4 34.0 2.0 36.0 54.0 50.0
Oil/Synergist 1% Oil/Synergist 5%
PBO
Patchouli
Origanum
Geranium
Cinnamon Bark
Cedarwood (Mrc.)
Clove Bud
Clove Leaf
Cedarwood (Tx.)
Basil
Synergist/ Plant Oil
 
 
1
1
1
 
Table 3.3. Synergism and antagonism of an LD25 of natural pyrethrins by piperonyl butoxide and select plant essential oils for 
Ae. aegypti at various concentrations. Grey shading indicates a synergistic interaction whereas black shading indicates an 
antagonistic interaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 % Mortality 
Pyrethroid 
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortality
Observed 
% 
Mortality 
Co-toxicity 
Factor
% Mortality 
Pyrethroid
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortalit
Observed 
% 
Mortality 
Co-toxicity 
Factor
12.6 6.0 18.6 26.9 44.6 12.6 30.0 42.6 36.6 -14.1
17.0 6.0 23.0 56.0 143.5 17.0 60.0 77.0 98.0 27.3
16.0 4.0 20.0 11.0 -45.0 16.0 46.0 62.0 53.0 -14.5
27.0 2.5 29.5 20.0 -32.2 27.0 45.0 72.0 66.0 -8.3
20.0 4.0 24.0 36.0 50.0 20.0 36.0 56.0 52.0 -7.1
12.0 2.0 14.0 8.0 -42.9 12.0 3.0 15.0 30.0 100.0
20.7 8.0 28.7 26.7 -7.0 20.7 10.0 30.7 41.3 34.5
8.0 2.6 10.6 10.7 0.9 8.0 25.6 33.6 48.0 42.9
20.8 50.0 70.8 4.0 -94.4 20.8 62.0 82.8 15.2 -81.6
15.5 6.0 21.5 8.0 -62.8 15.5 12.0 27.5 12.0 -56.4
Oil/Synergist 1%
Synergist/ Plant Oil
Oil/Synergist 5%
Cedarwood (Mrc.)
Basil
PBO
Patchouli
Origanum
Clove Bud
Clove Leaf
Cedarwood (Tx.)
Geranium
Cinnamon Bark
 
 
1
1
2
 
Table 3.4. Synergism and antagonism of an LD25 of deltamethrin by piperonyl butoxide and select plant essential oils at 
various concentrations applied to Aedes aegypti. Grey shading indicates a synergistic interaction whereas black shading 
indicates an antagonistic interaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 % Mortality 
Pyrethroid 
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortality
Observed 
% 
Mortality 
Co-toxicity 
Factor
% Mortality 
Pyrethroid
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortalit
Observed 
% 
Mortality 
Co-toxicity 
Factor
26.0 3.0 29.0 42.5 46.6 26.0 22.2 48.2 43.0 -10.8
30.7 6.7 37.4 36.0 -3.7 30.7 42.6 73.3 65.3 -10.9
31.0 0.0 31.0 31.0 0.0 31.0 38.0 69.0 52.0 -24.6
29.1 1.7 30.8 33.1 7.5 29.1 30.3 59.4 39.4 -33.7
22.0 1.2 23.2 30.0 29.3 22.0 40.0 62.0 45.0 -27.4
26.9 4.6 31.5 30.9 -1.9 26.9 4.5 31.4 29.7 -5.4
28.0 2.0 30.0 33.6 12.0 28.0 19.2 47.2 46.4 -1.7
27.0 3.2 30.2 26.0 -13.9 27.0 32.2 59.2 43.0 -27.4
35.0 50.2 85.2 44.0 -48.4 35.0 60.3 95.3 43.0 -54.9
29.6 0.8 30.4 36.8 21.1 29.6 14.4 44.0 29.6 -32.7
Oil/Synergist 1% Oil/Synergist 5%
PBO
Synergist/ Plant Oil
Patchouli
Origanum
Clove Bud
Clove Leaf
Cedarwood (Tx.)
Geranium
Cinnamon Bark
Basil
Cedarwood (Mrc.)
 
 
1
1
3
 
Table 3.5. Synergism and antagonism of an LD25 of β-cyfluthrin by piperonyl butoxide and select plant essential oils at various 
concentrations. applied to Aedes aegypti. Grey shading indicates a synergistic interaction whereas black shading indicates an 
antagonistic interaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 % Mortality 
Pyrethroid 
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortality
Observed 
% 
Mortality 
Co-toxicity 
Factor
% Mortality 
Pyrethroid
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortalit
Observed 
% 
Mortality 
Co-toxicity 
Factor
22.9 4.0 26.9 26.3 -2.2 22.9 26.4 49.3 30.9 -37.3
28.0 4.0 32.0 44.0 37.5 28.0 50.4 78.4 66.0 -15.8
21.3 2.0 23.3 36.7 57.5 21.3 42.0 63.3 56.0 -11.5
24.7 1.7 26.4 19.3 -26.9 24.7 40.0 64.7 21.3 -67.1
Clove Leaf 28.0 2.0 30.0 33.2 10.7 28.0 44.0 72.0 40.6 -43.6
27.2 3.0 30.2 32.8 8.6 27.2 4.0 31.2 51.2 64.1
29.0 3.5 32.5 33.0 1.5 29.0 24.0 53.0 37.0 -30.2
24.0 2.7 26.7 22.7 -15.0 24.0 24.0 48.0 53.3 11.0
24.0 40.0 64.0 30.0 -53.1 24.0 46.0 70.0 37.0 -47.1
23.2 2.6 25.8 24.8 -3.9 23.2 16.0 39.2 32.8 -16.3
Synergist/ Plant Oil
Oil/Synergist 5%
Basil
Oil/Synergist 1%
PBO
Patchouli
Origanum
Cedarwood (Tx.)
Geranium
Cinnamon Bark
Clove Bud
Cedarwood (Mrc.)
 
 
1
1
4
 
Table 3.6. Antagonism of an LD25 of malathion by piperonyl butoxide and select plant essential oils at various concentrations 
applied to Aedes aegypti. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 % Mortality 
Pyrethroid 
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortality
Observed 
% 
Mortality 
Co-toxicity 
Factor
% Mortality 
Pyrethroid
% Mortality 
Synergist/Oil 
Alone
Expected 
% 
Mortalit
Observed 
% 
Mortality 
Co-toxicity 
Factor
30.0 6.0 36.0 6.0 -83.3 30.0 32.0 62.0 19.0 -69.4
31.0 5.3 36.3 27.0 -25.6 31.0 72.0 103.0 70.0 -32.0
28.0 7.4 35.4 20.0 -43.5 28.0 40.0 68.0 56.0 -17.6
31.0 3.2 34.2 20.0 -41.5 31.0 50.0 81.0 34.0 -58.0
24.0 4.6 28.6 10.0 -65.0 24.0 40.0 64.0 58.0 -9.4
31.0 4.0 35.0 16.0 -54.3 31.0 4.0 35.0 26.0 -25.7
30.0 10.0 40.0 20.0 -50.0 30.0 10.0 40.0 10.0 -75.0
29.3 4.4 33.7 18.7 -44.5 29.3 28.0 57.3 45.3 -20.9
32.0 38.0 70.0 36.0 -48.6 32.0 50.0 82.0 38.0 -53.7
29.0 8.4 37.4 36.0 -3.7 29.0 16.0 45.0 25.0 -44.4
Oil/Synergist 5%
Synergist/ Plant Oil
PBO
Oil/Synergist 1%
Cinnamon Bark
Basil
Cedarwood (Mrc.)
Patchouli
Origanum
Clove Bud
Cedarwood (Tx.)
Geranium
Clove Leaf
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 S3.1. P-values for comparison of enhancement percentages (oils to PBO) 
 
oil/synergist 
applied at 
1% 
p-values for combinations with various insecticides 
permethrin deltamethrin 
β-
cyfluthrin 
natural 
pyrethrins malathion 
Patchouli  0.112 0.097 0.0173 0.0688 0.002 
Origanum 0.0009 0.0461 0.0049 0.0026 0.028 
Clove Bud 0.95 0.247 0.0252 0.0132 0.0036 
Clove Leaf 0.0003 0.2417 0.61 0.0461 0.0097 
CWT 0.323 0.0945 0.729 0.0039 0.0109 
Geranium 0.0871 0.0995 0.8909 0.0198 0.0026 
Cinnamon 
Bark 0.108 0.0249 0.0934 0.0237 0.0251 
Basil 0.0375 0.9338 0.474 0.0003 0.0059 
CWM 0.0308 0.2166 0.54 0.0015 0.0014 
            
            
            
oil synergist 
applied at 
5% 
p-values for combinations with various insecticides 
permethrin deltamethrin 
β-
cyfluthrin 
natural 
pyrethrins malathion 
Patchouli  0.0049 0.0875 0.0079 0.0004 0.0001 
Origanum 0.0048 0.923 0.0007 0.366 0.0001 
Clove Bud 0.0203 0.421 0.07 0.493 0.0018 
Clove Leaf 0.212 0.703 0.809 0.121 0.0001 
CWT 0.0018 0.0421 0.0839 0.555 0.0051 
Geranium 0.0001 0.915 0.74 0.0587 0.0343 
Cinnamon 
Bark 0.0001 0.717 0.0176 0.1793 0.0001 
Basil 0.0012 0.747 0.515 0.0018 0.001 
CWM 0.7882 0.0269 0.848 0.0021 0.2015 
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Abstract 
Mosquito-borne diseases account for the death of approximately 700,000 people 
annually throughout the world with many more succumbing to the debilitating side effects 
associated with these diseases. This is exacerbated in many countries where the lack of 
mosquito control resources and the lack of resources to prevent and treat mosquito-borne 
disease coincide. As populations of numerous mosquito species grow more resistant to 
currently utilized control chemistries, the need for cheap and effective novel chemical 
means for vector control are more important than ever. Our previous work revealed that 
plant essential oils enhance the toxicity of permethrin against multiple mosquito species 
that are of particular public health importance. To assess these attributes in more detail, we 
screened permethrin and deltamethrin in combination with plant essential oils against a 
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pyrethroid-susceptible and a pyrethroid-resistant strain of both Aedes aegypti and 
Anopheles gambiae. A number of plant essential oils significantly synergized pyrethroids 
equal to or better than piperonyl butoxide, a commonly used synthetic synergist, in all 
strains tested. Significant synergism of pyrethroids was also observed for specific 
combinations of plant essential oils and pyrethroids. Moreover, plant essential oils 
significantly inhibited both cytochrome P450 and glutathione S-transferase activities, 
suggesting that the inhibition of detoxification contributes to the enhancement or synergism 
of plant essential oils for pyrethroids. This study highlights the potential of using diverse 
plant oils as insecticide additives to augment the efficacy of insecticidal formulations.  
 
Introduction 
Synthetic insecticides have proven immeasurably valuable in the fight against 
economically relevant insects and pests of public health importance. A select few have 
been particularly important in mosquito-borne disease control programs in recent decades 
(1,2); in particular, the pyrethroids, organophosphates, carbamates, and organochlorines, 
have been main line defenses against mosquito-borne disease. That said, resistance to these 
insecticides has been documented on every continent where mosquitoes are present, and 
will continue to challenge communities in the coming decades unless new chemistries are 
developed (1,3-4). To make matters worse, insecticide resistant mosquitoes and associated 
disease transmission has a disproportionately adverse in many developing nations (5).  
Two mosquito species in particular, Aedes aegypti and Anopheles gambiae, are 
involved in the lion’s share of mosquito-borne disease transmission globally (6-7). Aedes 
aegypti, the yellow fever mosquito, is the primary vector of Dengue fever (DF), which is 
caused by the Dengue virus (DENV).  It’s estimated that 2.5 billion people are at risk for 
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acquiring Dengue virus in over 100 endemic countries. There are four serotypes of the 
DENV (DENV1, DENV2, DENV3, and DENV4); initial exposure to one of the serotypes 
results in DF. Secondary infection with a different serotype, may lead to dengue 
hemorrhagic fever and dengue shock syndrome, which are potentially life-threatening 
diseases (8). Ae. aegypti also transmits other arboviruses. Chikungunya virus causes severe 
fevers and muscle cramps, among other adverse symptoms.  Currently there is no treatment 
for chikungunya fever; and this virus is rapidly spreading through the Caribbean and South 
America, with the potential to affect the southern regions of the United States (9-10). 
Recently, Aedes aegypti has been incriminated as the primary urban vector of Zika virus, 
which is linked to adverse outcomes for the developing fetus in pregnant women, and 
Guillain-Barre syndrome in infected children and adults (11).   Anopheles gambiae is a 
major vector of Plasmodium falciparum, the causative agent of African malaria (12, 13). 
Its ability to associate closely with human communities and agricultural land potentiates 
its vectorial capacity This species is also a vector for Wuchereria bancrofti,which causes 
significant morbidity and severe disfigurement (13).  
By promoting the continued influx of sodium ions across the membrane of neurons 
in insects, pyrethroids cause hyper-excitability of the insect nervous system, contributing 
to spastic paralysis and eventual death of the insect (14,15). This insecticidal class has 
relatively low mammalian toxicity so can be used in close proximity to people; indeed it is 
widely used in indoor residual sprays, ultra-low volume applications, insecticide-treated 
bed nets, spatial repellents, and insecticide-treated clothing (16-21). However, with the 
increase of pyrethroid-resistant mosquito populations throughout the world, this 
insecticidal class is becoming less effective in decreasing their numbers and preventing 
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mosquito-borne disease (20). The potential for mosquito-borne disease epidemics is greater 
now than in previous decades (22).  
 Insecticide resistance evolves rapidly through mutations in genes that encode 
proteins that reduce uptake, facilitate metabolic detoxification, or modulate the mechanism 
of toxic action.  Case in point, single nucleotide polymorphisms in the knockdown-
resistance (kdr) result in lower affinities of synthetic pyrethroids and DDT to their 
molecular target, voltage-gated sodium channels (6, 23, 24). This in turn lowers their 
efficacy, and mosquitoes become less susceptible to higher amounts of insecticide used in 
the field.  Up-regulation of genes that encode detoxification enzymes can also confer 
resistance by enabling insect pest species to more effectively metabolize or remove 
xenobiotics from their cells and tissues (25-27). Finally, alterations in the composition of 
the cuticle can alter insecticide uptake into the organism and then to target tissues (28).  
 To overcome insecticide resistance, insecticide synergists are commonly used to 
increase the bioavailability of insecticides in the insect body, allowing more insecticide to 
reach its molecular target. These synergists act by inhibiting various detoxification 
enzymes (30), thereby altering the metabolism or excretion of the chemical. Piperonyl 
butoxide (PBO) is the most commonly used insecticide synergist on the market today. It 
acts by inhibiting monooxygenases that metabolize toxins. Although PBO is a valuable 
tool in synergizing the efficacy of select pyrethroids, its persistence in the environment and 
toxicity to mammals and other non-target organisms are concerning. Numerous studies 
have demonstrated that piperonyl butoxide causes significant hepatotoxicity in mice and 
rats, is carcinogenic, and is teratogenic in mice exposed to threshold levels (31-33). These 
effects could translate into adverse effects on humans exposed to high levels of these 
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compounds. As such, novel insecticide development should involve formulating both new 
insecticidal agents and insecticide synergists.  
Plant essential oils are emerging as an attractive alternative to PBO to synergize 
select pyrethroids. Gross et al. characterized the combinatorial efficacy of permethrin and 
35 plant essential oils against both Aedes aegypti and Anopheles gambiae. A number of 
plant essential oils increased the knockdown and mortality of permethrin, and this 
enhancement was greater than expected due to additive action (7). It was hypothesized that 
plant oils were capable of enhancing permethrin toxicity via both additive and synergistic 
interactions, depending on the oil in question. This effect warrants further investigation, as 
this study highlights the potential of plant essential oils to synergize insecticides that are 
fundamental elements of mosquito-borne disease control programs.  
We reasoned that the utility of these formulations could be extended to enhance the 
efficacy of pyrethroids against pyrethroid-resistant species and strains of mosquito, and 
ultimately could replace piperonyl butoxide in insecticide formulations. For this study, we 
aimed to characterize select plant essential oils to enhance the efficacy of pyrethroids 
against pyrethroid-resistant and pyrethroid-susceptible strains of Aedes aegypti and 
Anopheles gambiae. The goal was to assess the ability of these oils to enhance the efficacy 
of both a type I and type II pyrethroid (permethrin and deltamethrin, respectively) to 
represent the products currently in use and account for significant differences that exist in 
the biodistribution, degradation, and potency of these two pyrethroid classes (21). We 
obtained a kdr-resistant strain of Aedes aegypti (Puerto Rico) and a strain of Anopheles 
gambiae (AKRON strain), both of which are resistant to pyrethroids (29, 34-36). The 
AKRON strain of An. gambiae has a number of resistance alleles that confer resistance to 
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a variety of insecticides. Moreover, this strain possesses higher enzyme activity in specifc 
detoxification enzyme systems compared to the susceptible G3 strain (34).  
To further study the ability of plant essential oils to enhance or synergize the 
selected pyrethroids, we explored the activity of specific plant essential oils in vitro using 
model substrate enzyme activity assays. These data, coupled with the efficacy of 
combinatorial mixtures of both pyrethroids and plant essential oils in vivo, support the 
potential use of plant essential oils as synergists in insecticidal formulations to overcome 
insecticide resistance in two medically significant mosquito species.  
 
Materials and Methods 
 
Mosquito strains 
Mosquitoes were obtained from BEI Resources (35). The Puerto Rico Strain (NR-
48830) has a documented kdr phenotype based on a mutation in the voltage-gated sodium 
channel and enhanced detoxification capacity associated with upregulated cytochrome 
P450 (29, 35-36). The AKRON strain (MRA-913) is resistant to carbamates, and it has 
also been recently characterized as resistant to pyrethroids via multiple mechanisms 
including upregulation of oxidative and esterase activities (34-35). 
 
Mosquito rearing 
Aedes aegypti and Anopheles gambiae colonies were reared according to standard 
laboratory procedures. Briefly, adults were placed in colony cages (47 cm X 47 cm X 47 
cm) and reared at constant temperature and humidity (27°C and 70% RH). Cotton pads 
moistened with 10% sucrose solution were provided to mosquitoes ad libitum. Mosquitoes 
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were provided defibrinated sheep blood (Hemostat Laboratories, Dixon, CA) to promote 
egg laying. Eggs were collected from colony cages shortly after laying. All strains, except 
for Anopheles gambiae G3, were supplied sheep blood using a custom glass fixture with 
Parafilm® stretched over the bottom to serve as the presented membrane. Anopheles 
gambiae G3 females were fed using a live rabbit (Oryctolagus cuniculus). Aedes aegypti 
pupae were separated based on size dimorphism.  Anopheles gambiae adult females for 
both strains were aspirated shortly after eclosion. This ensured that females used for testing 
were virgins. Adult mosquitoes used for testing were kept in 1-pt. cartons (Hihtamaki, De 
Soto, KS) in densities of approximately 50 females per carton and provided 10% sucrose 
solution via moistened sucrose pads. All mosquitoes used for testing were 2-5 days old and 
were not bloodfed.  
 
Synthetic pyrethroids, detoxification enzyme inhibitors, and plant essential oils 
Permethrin Z:E 40:60 (purity 98%) was obtained from EcoSMART Technologies, 
Inc., Roswell, GA. Deltamethrin (purity 99.7%) was obtained from Sigma-Aldrich Co. 
LLC., St. Louis,  MO. Plant essential oils were provided by EcoSMART Technologies, 
Inc. and originally sourced by Berjé, Inc., Carteret, NJ. S,S,S-tributyl phosophorotrithioate 
(DEF) and diethyl maleate (DEM) were obtained from Chem Service, West Chester, PA. 
Piperoneyl butoxide (PBO) was provided by EcoSMART Technologies, Inc., Roswell, 
GA. Plant essential oils were sourced and stored in the refrigerator (4°C) in a dark 
environment to prevent breakdown. This also served to prevent batch variability, which 
can be a significant hurdle in the efficacy testing of plant essential oils. The major 
components (obtained via gas chromatography-mass spectroscopy) of all of the oils used 
in this study can be found in Supplemental Table 1 in Chapter 1. 
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Insecticide susceptibility testing 
Topical applications were performed to evaluate the toxicity of permethrin and 
deltamethrin on all four strains of mosquito in this study. For this work, a modified World 
Health Organization protocol (WHOPES 2006) was used. Pyrethroids were dissolved in 
acetone at concentrations that would cause between 10% and 90% mortality. Mosquitoes 
were dosed with 0.2 μL of each solution, with 25 mosquitoes treated per replicate. For each 
insecticide, at least three replicates were performed for each concentration with a minimum 
of three biological cohorts. Treated mosquitoes were placed into a small deli cup (8 ounces) 
with tulle placed over the top to prevent escape. Treated mosquitoes were provided 10% 
sucrose solution via cotton pads, and maintained at a constant temperature of 27°C with a 
relative humidity of 80% and a relative light:dark cycle of 16:8 hr. Probit (PROC PROBIT, 
SAS Institute, Inc. 2012) was used to calculate the LD50 values for each pyrethroid (37). 
Control responses were accounted for using the OPTC command. A minimum of 750 
mosquitoes were used for each insecticide treatment. Percentage mortality values for each 
treatment of insecticidal concentration applied to each mosquito strain is presented in 
Supplemental Table 1 in Chapter 1. A lack of overlap among the 95% confidence intervals 
between two insecticide bioassays was interpreted as a statistically dissimilar responses.  
Mosquitoes were also exposed to a discriminating dose of pyrethroid via a slightly 
modified World Health Organization exposure tube assay (WHOPES 2016). A 
discriminating dose of 1 mL of 0.75% permethrin solution (w/v) was applied to filter papers 
(12 x 15 cm). Mosquitoes for each strain were introduced into the untreated chamber and 
allowed to acclimate for 1 min. Mosquitoes from each strain were then gently blown into 
the exposure chamber (with the treated filter paper draping the lining of the walls) for 1 hr, 
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and knockdown was recorded at various time points throughout the assay (1 min, 5 min, 
10 min, 15 min, 30 min, and 60 min). A non-linear logarithmic curve was used to model 
the knockdown response time-course of each mosquito strain over time.  
 
Enhancement of insecticides applied in concert with plant oils 
Topical applications were performed with combinatorial mixtures of plant oil 
applied in conjunction with an LD25 of each synthetic pyrethroid. Two plant essential oil 
concentrations were used for each oil, 1% w/v and 5% w/v, in combination with permethrin 
and deltamethrin. These concentrations were chosen to identify combinations of plant 
essential oils that caused less than 50% mortality. The LD25 of each synthetic insecticide 
was calculated from the PROC PROBIT model described in the previous Insecticide 
Susceptibility Testing section. A volume of 0.2 μL of solution of each combination was 
applied to 25 mosquitoes/replicate, with a minimum of 3 biological replicates used for this 
study. The percentage enhancement of synthetic insecticides was calculated by the 
following equation, as was used by Gross et al. (7):  
 
(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛)−(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑝𝑦𝑟𝑒𝑡ℎ𝑟𝑜𝑖𝑑)
(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑝𝑦𝑟𝑒𝑡ℎ𝑟𝑜𝑖𝑑) 
 𝑋 100   
 
 Percentage enhancement values were compared to combinations of PBO. A one-
way ANOVA with a post-hoc Student Newman-Kuels test (α =  0.05) was used to assess 
statistically significant enhancement between plant essential oil/pyrethroid and 
PBO/pyrethroid combinations.  
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Synergism of pyrethroids by plant essential oils 
The LD25 of pyrethroids alone and with either 1% or 5% plant essential oils alone 
were applied in the same experiments of applications of plant essential oil/pyrethroid 
combinatorial mixtures. This allowed for the assessment of the toxicity of each individual 
component. These data were used to characterize the synergistic potential of plant essential 
oils when applied in combination with pyrethroids. To calculate synergism, we utilized the 
method described by Mansour et al (38). The co-toxicity factor of the combinatorial 
mixture of plant essential oils/pyrethroids was calculated using the following equation:  
 
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)−(𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)
(𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 % 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦) 
 𝑋 100   
 
Observed percentage mortality was calculated for mosquitoes at 24 hr post 
exposure, and expected mortality was calculated as the mortality caused by the pyrethroid 
applied alone + the mortality caused by the oil alone at each application rate (1% or 5%). 
Mixtures that possessed co-toxicity factors greater than 20 were defined as synergistic, and 
values lower than -20 were defined as antagonistic. Values between this range were defined 
as purely additive.  
 
Inhibition of detoxification enzymes 
Inhibition of glutathione S-transferases, esterases, or cytochrome P450 enzymes by 
select plant essential oils was assessed using model substrate enzyme activity assays. 
Methods outlined by the WHO were utilized for the assessment of esterase and glutathione 
s-transferase activity (39). Acetone was the delivery vehicle for all plant essential 
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oil/inhibitor treatments. For each treatment, mosquitoes were treated with 0.2 μL of a 5% 
glutathione S-transferase or esterase inhibitor (DEM or DEF) or plant essential oil in 
acetone 4 hours prior to the homogenization of mosquitoes for assay preparation. Mosquito 
homogenates were maintained on ice until aliquoted into the microplate to assess enzyme 
activity. A minimum of three biological replicates were completed for each plant essential 
oil or inhibitor treatment (DEF or DEM).  Bradford assays were used to standardize 
treatments, so that differences in weight among mosquito cohorts were adequately 
accounted. Bradford assays were performed for three mosquitoes for treatment in each 
microplate to obtain representative protein content for each replicate. Enzyme activity was 
reported as the normalized percentage activity (AU/RFU) compared to an acetone control. 
Averages of the percentage activities for each replicate were used for statistical analysis. 
A one-way ANOVA with a post-hoc Student Newman-Keuls test (α = 0.05) was performed 
to assess significance between the treatment and the acetone control. 
To assess α-naphthyl esterase activity, we followed the WHO guidelines with minor 
modifications. Mosquitoes treated with either plant essential oils or DEF (10 μg/mosquito) 
were homogenized in individual microcentrifuge tubes in a volume of 500 μL of 1x 
phosphate buffered saline (PBS). Forty microliters of this homogenate solution was 
introduced into each well of the microplate, followed by the addition of a 40 μL of PBS 
and working 1-naphthyl acetate solution. This working solution contained 3 mM naphthyl 
acetate with 1% SDS by weight. The final concentration of naphthyl acetate was 1.95 mM 
per each assay well. Microtiter plates were incubated at room temperature for 20 minutes, 
after which Fast Blue Stain was used as a counterstain and to stop the reaction. Absorbance 
values were recorded at 490 nM.  
127 
 
To assess glutathione S-transferase activity, again WHO guidelines were followed. 
Mosquitoes were treated with DEM (10 μg/mosquito) and homogenized in 500 μL of 1x 
PBS.  A concentration of 10.6 mM reduced glutathione was made in 2.5 mL of PBS. A 63 
mM solution of chlorodinitrobenzene (CDNB) in 10 mL of methanol was also made. A 
volume of 125 μL of CDNB was added to 2.5 mL of the reduced glutathione to produce a 
solution of 3 mM CDNB and 10 mM reduced glutathione. Each well contained 40 μL of 
homogenate, 40 μL of PBS, and 150 μL of working solution each well. This was incubated 
for 20 minutes and stopped with 40 uL of a 1% Fast Blue stain solution. Absorbance was 
recorded at 340 nM. 
Monooxygenase activity was assessed using the protocol outlined by Anderson & 
Zhu 2004 (40), with some modifications. Mosquitoes were treated with 0.2 μL of 5% PBO 
or plant essential oils 24 hr prior to enzyme activity assay. Mosquitoes were collected and 
homogenized similar to as described above and enzyme homogenate was kept on ice until 
each assay was performed. Ten mosquitoes from each treatment group were collected and 
homogenized in 5 mL of 1x PBS. Enzyme homogenates were transferred to an 
ultracentrifuge tube and were centrifuged at 10,000x gravity for 20 minutes to remove large 
debris from the homogenate and isolate the microsomal fraction. The supernatant was used 
as the enzyme preparation. In each well, 40 uL of a working solution of 54 mM reduced 
NADPH and 52.5 mM 7-ethoxycoumarin was added to 80 μL of the enzyme homogenate 
for each treatment group. This plate was incubated in the dark for 45 minat 27°C after 
which it was removed from the incubator. To remove excess reduced NADPH (fluorescent 
in the same range as 7-hydroxycoumarin), 10 μL of 100 mM oxidized glutathione and 1.0 
U glutathione reductase was added to each well, and the plate was further incubated for 1 
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hr at 37°C. Fluorescence was recorded at 465 nM with an excitation wavelength of 390 
nM.  
 
Results and Discussion 
Enhancement/Synergism 
This study revealed the bioactivity of several plant essential oils to enhance various 
pyrethroids against both pyrethroid-susceptible and pyrethroid-resistant strains of Ae. 
aegypti and An. gambiae. To quantify the resistance of each strain to the insecticides used 
in this study, we compared the LD50 values for both permethrin and deltamethrin of the 
pyrethroid-susceptible strains to the pyrethroid-resistant strains (Table 1). The AKRON 
strain of An. gambiae was resistant to both permethrin and deltamethrin compared to the 
insecticide-susceptible G3 strain. The resistance ratio of approximately 28.4 to 
deltamethrin was much larger than the resistance ratio of 6 for permethrin in this strain 
(Akron), indicating a greater fold resistance to the pyrethroid deltamethrin than permethrin. 
These values are similar to the values reported in the literature, with slightly different 
resistance ratios as compared to those reported in the previous study (34). These differences 
may be attributed to different rearing conditions and differences in the sub-populations 
reared from the parent colony obtained from the CDC. The Ae. aegypti Puerto Rico strain 
showed significant resistance to pyrethroids; a 29-fold difference in the LD50 was observed 
compared to the susceptible Liverpool strain of Ae. aegypti. A lower resistance ratio of 1.8 
was observed for deltamethrin. To test if resistance to pyrethroids had been lost in our 
colony, both Liverpool and Puerto Rico strains were challenged with natural pyrethrum 
extract. We observed significant resistance to pyrethrum (RR = 4.8) was still present in the 
Puerto Rico strain. As such, the relatively low resistance ratio to deltamethrin may be 
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attributed to relative tolerance to this pyrethroid in the Liverpool strain. Although the 
Liverpool strain is not reported to be insecticide-resistant to our knowledge, nor was it 
continually pressured with insecticide in this study, observed differences in susceptibility 
to insecticides between strains is common in laboratory colonies (41). The LD50 value 
calculated for deltamethrin is similar to other reported values in the literature (21). 
The assessment of the knockdown response of these various strains challenged with 
permethrin also highlighted significant differences between strains. Ae aegypti (Liverpool) 
were more susceptible to permethrin knockdown as compared to Ae. aegypti (Puerto Rico) 
(Figure 1). Puerto Rico strain mosquitoes also recovered from permethrin exposure to a 
greater extent than did Liverpool strain mosquitoes, with lower percentage knockdown and 
mortality compared to that of the Liverpool strain at 1 and 24 hr after being moved out of 
the exposure tube chamber, respectively. Little difference in the response to permethrin 
existed between the AKRON and G3 strains of An. gambiae (Figure 2). It is evident from 
this exploration that knockdown susceptibility between these strains was similar, 
highlighted by the overlap in the logarithmic response regression included in this dataset. 
No statistically significant differences in knockdown or mortality at 24-hr after removal 
from the exposure tubes was noted between these strains.  
To assess the ability of plant essential oils to enhance the efficacy of various 
pyrethroids against these mosquito species/strains, we utilized percentage enhancement as 
a metric of increased insecticidal efficacy, as did Gross et al. (7). For the Ae. aegypti strains 
screened, plant essential oils significantly increased the toxicity of both permethrin and 
deltamethrin (Figure 3). Multiple oils outperformed PBO when applied in combination 
with an LD25 of permethrin. On the pyrethroid-susceptible Liverpool strain, geranium, 
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cinnamon bark, cedarwood Texas (CWT), Origanum, and basil showed significantly 
greater enhancement than a comparable application of PBO at either the 1% or 5% levels. 
Enhancement was less pronounced against the pyrethroid-resistant Puerto Rico strain; 
however, cinnamon bark, patchouli, and Origanum outperformed PBO at enhancing 
permethrin. Indeed, PBO did not enhance permethrin activity for the Puerto Rico strain.  
Multiple oils also positively enhanced deltamethrin toxdicity against the 
pyrethroid-susceptible strain (Liverpool), but none enhanced deltamethrin to a greater 
degree than PBO, (Figure 3). Patchouli oil caused higher numerical enhancement compared 
to PBO, but this effect was not statistically significant. Some oils did not outperform PBO, 
but many performed as well or better than PBO at enhancing this particular pyrethroid. 
This was not the case for Ae. aegypti (Puerto Rico), for which deltamethrin was 
significantly enhanced by various plant oils, and many to a greater extent than PBO. In 
particular, clove leaf, Origanum, patchouli, and CWT oils enhanced deltamethrin better 
than PBO when applied at either level (1% or 5%). The other oils screened performed as 
well as PBO at both the 1% and 5% levels when applied in combination with deltamethrin 
against this strain.  
The enhancement of pyrethroids by plant essential oils was also observed in 
Anopheles gambiae strains. Enhancement by both PBO and plant essential oils were much 
higher than those for Aedes aegypti (LVP) and (Puerto Rico) (Figure 4). On average, the 
permethrin LD25 caused approximately 11.7% mortality at 24 hr post-application. This may 
be due to the lower percentage mortality caused by the expected LD25 value; lower 
mortality caused by the LD25 on the G3 strain allowed for higher detectable enhancement. 
This lower-than-expected mortality observed after deltamethrin with and without plant 
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essential oils may be due to slightly more resilient or robust mosquito cohorts screened in 
the dose-response studies performed earlier in this project. This low percentage mortality 
should not affect the characterization of plant oil efficacy in enhancing this pyrethroid. In 
the permethrin challenges, plant oil enhancement ranged from 1310 ± 20.5% for the 5% 
application of Origanum to 100 ± 43.3% for CWT against the susceptible strain. A similar 
effect was noted for deltamethrin challenges with the average percentage mortality for the 
LD25 of deltamethrin across all experiments being 12.9% at 24 hr. For the permethrin 
exposures to both strains, numerous oils outperformed PBO. Origanum, clove bud, 
geranium, patchouli, cinnamon bark, and clove leaf enhanced permethrin better than PBO 
at the 5% level in the G3 strain. Two oils, clove bud and patchouli, enhanced the effect of 
permethrin at the 1% level against the G3 strain. For the AKRON strain, most plant oils 
performed as well as PBO with a few exceptions. Basil, CWT, and cinnamon bark did not 
enhance permethrin as well as PBO when applied at the 5% level against this strain.  
Deltamethrin was significantly enhanced by a number of plant essential oils to a 
greater extent than PBO. Origanum, geranium, patchouli, cinnamon bark, and basil all 
caused greater enhancement than PBO at either the 1% or 5% level against the G3 strain. 
Again, almost all other oils performed as well as PBO with few exceptions. High 
enhancement values were also observed for a majority of oils applied in combination with 
deltamethrin against the AKRON strain. Patchouli oil significantly enhanced the efficacy 
of deltamethrin to a higher level than PBO against the AKRON strain at both the 1% and 
5% levels.  
Overall, select plant oils caused percentage enhancement values that were 
significantly greater than PBO or equal to PBO in all combinations against both mosquitoes 
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and all 4 strains. To assess whether this enhancement was caused by synergistic 
interactions between the plant oils and the pyrethroids used in this study, a co-toxicity 
factor was calculated similar to the method outlined by Mansour et al. (38). Plant essential 
oils significantly synergized pyrethroids against Ae. aegypti strains (Tables 2 and 3). PBO 
was synergistic to the Liverpool strain of Ae. aegypti at the 1% level but not the 5% level. 
Of the plant essential oils screened, patchouli, CWT, geranium, clove bud, and cinnamon 
bark oils all synergized permethrin at the 1% application level. Many of these values were 
significantly higher than those observed for PBO.  At the 5% level, PBO did not synergize 
permethrin against this strain, and it antagonized permethrin significantly. CWT, geranium, 
and cedarwood Moroccan (CWM) synergized to a much higher degree than PBO. Many 
oils also antagonized permethrin but produced positive enhancement percentages (Figure 
3). For Ae. aegypti (Puerto Rico), PBO significantly antagonized the efficacy of 
permethrin. Patchouli was capable of producing significant synergism at the 1% 
application level. No other oil significantly enhanced permethrin against the Puerto Rico 
strain. Unexpectedly, of the oils that synergized this pyrethroid in the pyrethroid-
susceptible strain, only one (patchouli oil) significantly synergized this pyrethroid in both 
strains. This may indicate that constituents of this oil are capable of significantly inhibiting 
detoxification enzyme required for the clearance of detoxification of permethrin in both 
strains.  
Upregulated cytochrome P450 enzymes in various resistant populations of 
mosquitoes highlight the diverse enzyme isoforms that may be involved in the metabolism 
of distinct pyrethroids by mosquitoes (4, 29, 36, 41). These different strains may also rely 
on distinct detoxification enzyme isoforms for clearance of the same pyrethroid. This may 
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allow for the differential efficacy of plant oils as synergists on various strains. For 
deltamethrin, a similar pattern was observed. Two plant essential oils, CWM and clove 
leaf, successfully synergized the effect of deltamethrin on Ae. aegypti (Liverpool), (Table 
3). Both clove leaf and CWT oils synergized deltamethrin for the pyrethroid-resistant 
Puerto Rico strain. This was unexpected as CWT oil did not synergize deltamethrin against 
the Liverpool strain. These results may suggest reliance on different enzyme isoforms in 
the detoxification of these distinct pyrethroids.  
Numerous plant essential oils also significantly synergized permethrin against both 
strains of An. gambiae explored in this study (Table 4). Geranium, CWM, clove bud, and 
CWT significantly enhanced the efficacy of permethrin against the pyrethroid-susceptible 
strain of An. gambiae, G3. These plant essential oils synergized permethrin at the 1% level 
and not the 5% level. Although little synergism was observed at the higher 5% level, 
significant enhancement was observed for many oils (Figure 4). No plant oils synergized 
permethrin against the AKRON strain, but again a number of oils significantly enhanced 
its efficacy (Figure 4). Deltamethrin was synergized by geranium oil at the 1% and 5% 
level in the G3 strain. For the AKRON strain, multiple plant oils synergized deltamethrin 
at the 1% and 5% level. Geranium oil synergized this pyrethroid but only at the 5% level 
against An. gambiae (G3). Origanum and clove leaf oils also strongly synergized this 
pyrethroid against the AKRON strain at the 1% level. This synergism was only observed 
at this concentration. The lack of observed synergism at the 5% level may be due to high 
percentage mortality caused by these plant essential oils at this level. As was observed in 
Aedes aegypti, different plant oils synergized deltamethrin than those that synergized 
134 
 
permethrin. If the combined percentage mortality caused by each component is too high, 
the ability to assess synergism is diminished. 
 
Inhibition of detoxification enzymes 
To explore the mechanism of synergism caused by select plant essential oils, we 
assessed the degree to which select plant essential oils inhibited various detoxification 
enzyme systems. Of the detoxification enzyme systems screened, plant essential oils 
inhibited both cytochrome P450-dependent monooxygenase and glutathione S-transferase 
activity (Figure 5). All of the synthetic enzyme inhibitors utilized in this study as positive 
controls significantly inhibited each respective enzyme system. Of the synthetic enzyme 
inhibitor studies, DEF, a potent inhibitor of esterase activity, was most capable of inhibiting 
the α-naphthyl esterase system. Both PBO and DEM significantly inhibited cytochrome 
P450 activity and glutathione S-transferase activity compared to the control, respectively. 
For this study, only the oils that caused significant synergism of various pyrethroids were 
screened as enzyme inhibitors. Glutathione S-transferase activity was most significantly 
inhibited by geranium, basil, and CWT. Basil, geranium, patchouli, and CWT all 
significantly inhibited cytochrome P450 enzyme activity compared to the control. CWT 
and basil oil significantly inhibited glutathione S-transferase and cytochrome P450 activity. 
CWT produced significant synergism when applied in combination with permethrin 
against the Ae. aegypti Liverpool strain and the An. gambiae G3 strain. Therefore, CWT 
oil may act as a potent synergist of permethrin by inhibiting permethrin detoxification 
mediated by both glutathione S-transferase and cytochrome P450 activity. Although basil 
oils significantly inhibited both glutathione S-transferase and cytochrome P450 activity, 
this oil did not produce significant synergism of permethrin or deltamethrin in any of the 
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species/strains tested in this study. The 7-ethoxycoumarin de-ethylase activity detected in 
this assay may be caused by distinct cytochrome P450 isoforms that are not involved in 
pyrethroid metabolism. It is possible that basil oil inhibits cytochrome P450 enzymes that 
are actively involved in 7-ethoxycoumarin de-ethylase but not permethrin or deltamethrin 
detoxification. Similarly, basil oil may inhibit glutathione S-transferases that are not 
actively involved in pyrethroid metabolism and excretion. Alternatively, only one of these 
enzyme processes may be more involved in the degradation of pyrethroids than the other. 
This exploration demonstrates the ability of plant essential oils to inhibit these processes 
compared to a vehicle control.  
Overall, plant essential oils significantly enhanced efficacy of both type I and type 
II pyrethroids against susceptible- and resistant-strains of Ae. aegypti and An. gambiae 
mosquitoes. In general, more types of plant essential oils enhanced permethrin compared 
to deltamethrin. Moreover, the co-toxicity factors of various oils were higher in the type I 
pyrethroid, permethrin, compared to deltamethrin, the type II pyerthroid. Synergism of 
pyrethroids by plant oils was more significant and common on the two pyrethroid-
susceptible strains of both Ae. aegypti and An. gambiae  compared to the corresponding 
pyrethroid-resistant strains for each species. This is congruent with documented and 
multiple resistance mechanisms for resistance involved in both strains. Estep et al. noted 
that numerous cytochrome P450 enzymes were significantly upregulated in Ae. aegypti 
(Puerto Rico)29. The increased detoxification capacity, coupled with the well-established 
kdr-type resistance of this strain may limit the ability of plant oils to significantly synergize 
pyrethroids against this strain. Multiple resistance mechanisms in the AKRON strain may 
also significantly predispose the mosquito to the toxic effect of plant essential oils. 
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Previous studies revealed the presence of a kdr mutation in the AKRON strain and 
upregulated 7-ethoxycoumarin de-ethylase activity (34-35). Despite lower levels of 
synergism observed in these resistant strains, enhancement (i.e. greater kill than the 
pyrethroid applied alone) was observed for most of the plant essential oils tested. In many 
cases, plant oils outperformed the commercially available PBO.  
The mosquito strains were chosen represent significant vector species and 
populations with varied levels and mechanistic underpinnings for insecticide resistance. 
The observed synergism caused by plant oils and their ability to significantly increase the 
toxicity of pyrethroids against both insecticide-resistant and insecticide-susceptible 
populations of mosquitoes demonstrates the potential utility of these agents in insecticide 
formulations. The Olyset® Plus long-lasting insecticide net (LLIN) includes PBO and was 
more successful against multiple species of Anopheles (42), and represents a viable 
approach for controlling vector populations, especially endophilic malaria vectors. 
Utilizing similar LLIN technologies with plant oils in place of PBO has potential for the 
successful control of resistant species of mosquito. Likewise, while PBO is not heavily 
used in indoor residual spray campaigns, Nikpour et al. demonstrated the potential of PBO 
to enhance the efficacy of deltamethrin in a field study in Iran, increasing the toxicity of 
deltamethrin applied to various surfaces at later time points in the study (43). Plant oils 
may also be able to effectively synergize or enhance the toxicity of deltamethrin in these 
formulations, assuming they perfom in a similar manner as topical applied mixture.  
Plant oils are promising additives/synergists  for deployment in concert with 
pyrethroids in the field, both because of the data shown here, and because of their 
inherently low level nvironmental or toxicological impact on non-target organisms.  Plant 
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essential oils are, however, relatively volatile and may readily evaporate off a treated 
surface. As such, technologies aimed at incorporating them into indoor residual spray 
campaigns and bed nets would need to overcome this technical deployment hurdle to 
ensure that the plant oils in formulation would be persistent and bioavailable for long 
enough to successfully synergize formulations. Selecting less volatile plant oils and better 
formulations that iminish this volatility may be most appropriate for designing future 
insecticide formulations. Finally, space spraying with formulations of plant oils and 
pyrethroids may be relevant and efficacious in the control of various mosquito species. In 
these deployment scenarios, volatility would be less important and should not diminish the 
delivery of these agents to the target pests. 
 
Conclusion 
Numerous plant oils significantly increased the toxicity of permethrin and 
deltamethrin, two pyrethroids commonly utilized for the control of mosquitoes, and 
showed synergistic effect to pyrethroid activity in some combinations. This synergism 
was concentration-dependent and primarily observed in pyrethroid-susceptible mosquito 
strains challenged in this study. Further optimization of insecticidal formulations that 
include both plant oils and pyrethroids may lead to better technologies that actively 
synergize pyrethroids against a wider variety of mosquito species and strains that are 
relevant vectors. Moreover, future work may be considered that aims to better understand 
the specific constituents of plant oils that are most effective in enhancing or synergizing 
pyrethroids against public health vector species. This may lead to better sourcing of plant 
oils in future insecticide formulations or the creation of specific formulations of 
pyrethroids and the most bioactive single constituents of plant oils. The need for new 
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insecticides and insecticidal formulations should be a major focus in research programs 
aimed at the control of neglected tropical diseases vectored by arthropods. Here we 
highlight the potential of plant essential oils to act as both enhancers and synergists which 
could replace PBO in future insecticide formulations.  
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Figures 
 
Figure 4.1. Knockdown response of Aedes aegypti strains exposed to 1 mL of a 0.75% (w/v) permethrin solution in acetone. A) 
The Puerto Rico strain experienced lower percentage knockdown than the Liverpool strain at all time points screened in this study. B) 
The Puerto Rico strain also experienced less percentage knockdown 1 hr after removal from the exposure chamber and 24-hr 
percentage mortage mortality than the Liverpool strain.  
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Figure 4.2. Knockdown response of Aedes aegypti strains exposed to 1 mL of a 0.75% (w/v) permethrin solution in acetone. A) 
The AKRON strain experienced lower percentage knockdown than the G3 strain at all time points screened in this study. B) Both 
strains experienced similar 1-hr knockdown and 24-hr mortality after removal from the exposure chamber.  
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Figure 4.3. Percentage enhancement caused by plant essential oils applied in combination with select pyrethroids against two 
Aedes aegypti strains. The percentage enhancement of A) permethrin + plant essential oils against the Liverpool strain, B) 
deltamethrin + plant essential oils against the Liverpool strain, C) permethrin + plant essential oils against the Puerto Rico strain, and 
D) deltamethrin + plant essential oils against the Puerto Rico strain is shown below. Asterisks denote significantly higher percentage 
enhancement caused by oils applied at the 5% level than PBO applied at the same concentration.  
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Figure 4.4. Percentage enhancement caused by plant essential oils applied in combination with select pyrethroids against two 
Anopheles gambiae strains. The percentage enhancement of A) permethrin + plant essential oils against the G3 strain, B) 
deltamethrin + plant essential oils against the G3 strain, C) permethrin + plant essential oils against the AKRON strain, and D) 
deltamethrin + plant essential oils against the AKRON strain is shown below. Asterisks denote significantly higher percentage 
enhancement caused by plant oils applied at the 5% level than PBO applied at the same concentration. Octothorpes (#) denote 
significantly higher percentage enhancement caused by plant oils applied at the 1% level than PBO applied at the same concentration. 
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Figure 4.5. Inhibition of various detoxification enzyme systems via application of plant essential oils or synthetic inhibitors (DEM, 
DEF, or PBO). All synthetic inhibitors caused significant levels of inhibition of respective enzyme processes compared to the acetone 
control. Select plant essential oils also significantly inhibited specific enzyme systems. Cedarwood Texas type (CWT), basil, and 
geranium oils significantly inhibited both glutathione s-transferase activity and cytochrome P450 activity. Glutathione s-transferases 
and cytochrome P450 enzyme systems were the most significantly inhibited by the plant essential oils screened in this stud
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Tables 
 
Table 4.1. LD50 values and resistance ratios associated with each synthetic pyrethroid screened 
Compound Species  Strain LD50, μg/g (95% CI)  RR 
Permethrin Anopheles gambiae G3 0.632 (0.15-1.5)   
  Anopheles gambiae AKRON 3.8 (1.9-5.8) 6.0 
Deltamethrin Anopheles gambiae G3 0.0026 (0.001-0.004)   
  Anopheles gambiae AKRON 0.074 (0.06-0.09) 28.4 
Permethrin Aedes aegypti Liverpool 0.42 (0.31-0.51)   
  Aedes aegypti  Puerto Rico 12.3 (9.6-15.6) 29.3 
Deltamethrin Aedes aegypti Liverpool 0.34 (0.16-1.5)   
  Aedes aegypti  Puerto Rico 0.601 (0.4-1.03) 1.8 
Natural pyrethrins Aedes aegypti Liverpool 1.64 (0.8-2.4)   
  Aedes aegypti  Puerto Rico 7.91 (6.1-11) 4.8 
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Table 4.2. Synergism caused by plant essential oils in combination with permethrin against two strains of Ae. aegypti  
 
 
 
 
21.1 2 23.1 36 55.84 21.1 22.3 43.4 32.7 -24.65
26.7 6.7 33.4 42.7 27.84 26.7 60 86.7 76 -12.34
21 1 22 34 54.55 21 1 22 63 186.36
12.8 0 12.8 29.6 131.25 12.8 17.3 30.1 43.2 43.52
34 2 36 43 19.44 34 2 36 54 50.00
24 4 28 36 28.57 24 35 59 48 -18.64
18.4 4 22.4 27.2 21.43 18.4 36 54.4 61.6 13.24
33.3 60 93.3 80 -14.26 33.3 92 125.3 90.6 -27.69
28.9 22 50.9 28.9 -43.22 28.9 54 82.9 74.4 -10.25
48.6 2 50.6 38.9 -23.12 48.6 50 98.6 66.3 -32.76
34 3 37 25 -32.43 34 28 62 33 -46.77
35 8 43 60 39.53 35 48 83 83 0.00
30 1 31 29 -6.45 30 4 34 38 11.76
53 1 54 55 1.85 53 15 68 48 -29.41
27 13 40 31 -22.50 27 55 82 31 -62.20
45 4 49 47 -4.08 45 79 124 57 -54.03
31 4 35 28 -20.00 31 71 102 64 -37.25
37 41 78 36 -53.85 37 11 48 49 2.08
35 2 37 29 -21.62 35 38 73 63 -13.70
34 2 36 46 27.78 34 49 83 58 -30.12
Strain
Liverpool
Puerto Rico
Clove Bud
Clove Leaf
Geranium
Cinnamon Bark
Basil
CWM
CWT
Cinnamon Bark
Basil
CWM
Patchouli
Origanum
Clove Bud
Clove Leaf
CWT
Geranium
PBO
PBO
Patchouli
Origanum
Synergist/ Plant Oil
Oil/Synergist 1% Oil/Synergist 5%
% 
Permethrin 
Mortality
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
% 
Permethrin 
Mortality
Synergist/
Oil Alone 
% 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
 
 
1
5
0
 
 
Table 4.3. Synergism caused by plant essential oils in combination with deltamethrin against two strains of Ae. aegypti  
 
 
 
 
 
 
26 3 29 43 48.28 26 14 40 43 7.50
29 1 30 37 23.33 30 14 44 30 -31.82
22 2 24 29 20.83 23 42 65 43 -33.85
28 2 30 34 13.33 28 18 46 46 0.00
29 2 31 33 6.45 29 30 59 39 -33.90
31 0 31 31 0.00 31 38 69 52 -24.64
27 5 32 31 -3.13 27 5 32 30 -6.25
31 7 38 36 -5.26 31 43 74 65 -12.16
27 3 30 26 -13.33 27 36 63 43 -31.75
35 48 83 44 -46.99 35 63 98 43 -56.12
43 2 45 55 22.22 43 24 67 67 0.00
54 4 58 50 -13.79 54 54 108 62 -42.59
20 2 22 37 68.18 20 47 67 53 -20.90
41 4 45 51 13.33 41 13 54 60 11.11
35 4 39 47 20.51 35 74 109 65 -40.37
33 22 55 37 -32.73 33 49 82 66 -19.51
38 1 39 55 41.03 38 3 41 70 70.73
33 8 41 41 0.00 33 46 79 63 -20.25
38 8 46 49 6.52 38 64 102 75 -26.47
45 13 58 62 6.90 45 39 84 67 -20.24
Origanum
Liverpool
CWM
Basil
Geranium
Oil/Synergist 5%
% 
Deltamethrin 
Mortality
Synergist/
Oil Alone 
% 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
% 
Deltamethrin 
Mortality
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
Synergist/ Plant Oil
Puerto Rico
Oil/Synergist 1%
PBO
Patchouli
CWT
Clove Leaf
Cinnamon Bark
Strain
PBO
Clove Bud
Cinnamon Bark
Basil
CWM
Patchouli
Origanum
Clove Bud
Clove Leaf
CWT
Geranium
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Table 4.4. Synergism caused by plant essential oils in combination with permethrin against two strains of An. gambiae  
 
 
 
 
 
 
13.3 24.6 37.9 30.7 -19.00 13.3 72 85.3 64 -24.97
8.8 13.6 22.4 41.6 85.71 8.8 72 80.8 81.6 0.99
6.6 2.7 9.3 12 29.03 6.7 48 54.7 42.6 -22.12
8.8 16 24.8 31.2 25.81 8.8 77.6 86.4 85.6 -0.93
9.3 6.7 16 20 25.00 9.3 64.7 74 75.3 1.76
17.3 78.6 95.9 90.7 -5.42 17.3 97.3 114.6 98.7 -13.87
16 54.7 70.7 60 -15.13 16 86.7 102.7 84 -18.21
12 44.7 56.7 44 -22.40 12 95.3 107.3 98 -8.67
13.6 29.6 43.2 30.4 -29.63 13.6 81.6 95.2 100 5.04
12.8 36.8 49.6 32 -35.48 12.8 95 107.8 85.6 -20.59
44.4 24 68.4 53.7 -21.49 44.4 47 91.4 92 0.66
56 13.3 69.3 76 9.67 56 30.7 86.7 100 15.34
59 28 87 92 5.75 59 48 107 100 -6.54
56 2.7 58.7 66.7 13.63 56 77.3 133.3 100 -24.98
59 22.7 81.7 68 -16.77 59 85.3 144.3 79 -45.25
59 68 127 99 -22.05 59 96 155 100 -35.48
56 5.3 61.3 54.7 -10.77 56 82.7 138.7 97.3 -29.85
52 4 56 49.3 -11.96 52 76 128 98.7 -22.89
56 37.3 93.3 42.7 -54.23 56 96 152 98.7 -35.07
56 21.3 77.3 45.3 -41.40 56 50.7 106.7 70.7 -33.74
AKRON
Strain Synergist/ Plant Oil
Oil/Synergist 1% Oil/Synergist 5%
% 
Permethrin 
Mortality
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
% 
Permethrin 
Mortality
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
Patchouli
Origanum
Clove Bud
Clove Leaf
CWT
Geranium
Cinnamon Bark
Basil
CWM
PBO
Patchouli
Origanum
Clove Bud
Clove Leaf
CWT
Geranium
Cinnamon Bark
Basil
CWM
G3 PBO
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Table 4.5. Synergism caused by plant essential oils in combination with deltamethrin against two strains of An. gambiae  
 
 
12.5 18 30.5 31.5 3.28 12.5 49 61.5 45.5 -26.02
6.7 10.6 17.3 22.7 31.21 6.7 62.7 69.4 85.3 22.91
18.4 92 110.4 91.2 -17.39 18.4 97 115.4 97.6 -15.42
13.3 8 21.3 20 -6.10 13.3 45.3 58.6 44 -24.91
6.7 26.7 33.4 16 -52.10 6.7 77.3 84 98.7 17.50
10.7 21.3 32 23.2 -27.50 10.7 80 90.7 96 5.84
14.7 6.7 21.4 53 147.66 6.7 85.3 92 84 -8.70
17.6 17.6 35.2 13.6 -61.36 17.6 81.6 99.2 80 -19.35
16 13.6 29.6 14 -52.70 16 72.8 88.8 49.3 -44.48
9.3 8 17.3 6 -65.32 9.3 63.3 72.6 49.3 -32.09
45.5 27 72.5 62 -14.48 45.5 49 94.5 94 -0.53
43 11 54 48 -11.11 43 39 82 100 21.95
36 74 110 79 -28.18 36 99 135 93 -31.11
42.4 29 71.4 37.6 -47.34 42.4 49 91.4 63.2 -30.85
49.1 33 82.1 55.4 -32.52 49.1 96 145.1 84.5 -41.76
43 2.6 45.6 65 42.54 43 84 127 89 -29.92
45.7 4 49.7 62.8 26.36 45.7 81.3 127 90.9 -28.43
47.2 17.3 64.5 39.2 -39.22 47.2 76 123.2 88 -28.57
52 22.7 74.7 69.3 -7.23 52 89.3 141.3 84 -40.55
47.3 27 74.3 44.7 -39.84 47.3 54 101.3 46.7 -53.90
Geranium
Cinnamon Bark
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
AKRON
Patchouli
G3 PBO
Strain Synergist/ Plant Oil
Basil
CWM
Origanum
Clove Bud
Clove Leaf
CWT
Oil/Synergist 1% Oil/Synergist 5%
% 
Permethrin 
Mortality
Synergist/
Oil Alone % 
Mortality
Expected % 
Mortality
Observed 
% 
Mortality
Cotoxicity 
Factor
% 
Permethrin 
Mortality
PBO
Patchouli
Origanum
Clove Bud
Clove Leaf
CWT
Geranium
Cinnamon Bark
Basil
CWM
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Abstract 
Octopamine is a biogenic amine that has been implicated in the regulation of 
numerous physiological roles, such as reproduction, learning-and-memory, and nerve 
stimulation, to name a few. Previous studies have demonstrated that octopamine has a 
limited role in mammalian systems, and thus octopamine receptors represent promising 
targets for the development of safer insecticides. Compounds identified to act upon these 
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receptors would thus have little to no effect in mammalian and other non-target organisms. 
For this study, we developed a line of Chinese Hamster Ovary cells (CHO) expressing an 
α-adrenergic-like octopamine receptor that has been isolated from the American cockroach 
(Periplaneta americana). Functional screening determined that octopamine is the preferred 
ligand with an EC50 of 89.6 nM and tyramine, a closely related biogenic amine, activates 
with a lower affinity with an EC50 of 463 nM. Twenty-one terpenoids were screened against 
this receptor to assess positive and negative modulation. From this exploration multiple 
terpenoids were observed to cause significant levels of putative negative and positive 
modulation. To assess whether putative octopamine receptor modulation was correlated to 
mortality, cockroaches were injected with a discrete dose of terpenoids, and mortality was 
monitored. Terpenoid mortality was not correlated to putative octopamine receptor 
modulation. This study does not support the hypothesis that octopamine receptor 
modulation is the mechanism of terpenoid toxicity in American cockroaches. However, 
this study provides a better understanding of terpenoid-induced modulation at the 
octopamine receptor.  
 
Introduction 
Since its isolation and characterization as a biologically active amine in 1951, 
octopamine has been implicated in many physiological processes in invertebrate organisms 
(1). Octopamine primarily functions in the regulation of energy-demanding behaviors and 
actions in invertebrates, such as flight, egg-laying, learning-and-memory, and the 
regulation of feeding, among others (2). Serving as a neurohormone, neurotransmitter and 
neuromodulator, it governs behaviors that are crucial for the normal functioning of 
arthropods (3). Studies have shown that increases or decreases in in vivo concentrations of 
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octopamine cause immediate changes in activity of nerves throughout the invertebrate 
nervous system invertebrates (4). The important physiological roles that are performed by 
the octopaminergic system make octopamine receptors preferential targets for the 
development of new insecticidal chemistries. 
 Some insecticides target the octopamine receptor, composing a single class of 
insecticides. These chemistries are broadly referred to as formamidines, and include 
compounds such as amitraz and chlordimeform. They have been demonstrated to 
successfully control pests in a variety of settings (5); for insect control, their success is 
most notable within Lepidopteran and Hemipteran pests but the reasons for this insecticidal 
selectivity is not fully understood (5-7). Octopamine receptors represent an ideal target for 
the development of novel insecticidal chemistries, as octopamine is only present in trace 
amounts in mammals, the identification of novel, selective octopamine receptor agonists 
or antagonists could represent the identification of potent new classes of insecticidal 
chemistries.  
 Octopamine receptors are G-protein-coupled receptors (GPCRs) that can be further 
categorized into two major sub-classifications, α-adrenergic and β-adrenergic receptors, 
based on their similarity to the mammalian adrenergic receptors (8). The α-adrenergic 
receptors signal via a Gαq or Gai pathway leading to an increase or decrease in intracellular 
calcium levels, repectively (9). Alternatively, the β-adrenergic receptors signal via the Gαs 
pathway leading to an increase in intracellular cyclic adenosine monophosphate (cAMP), 
mediated by activation of adenylate cyclase (10). Activation of these two receptor 
pathways can lead to a variety of physiological endpoints within the cell, such as 
modulation of gene transcription, action potentials alter nervous system function, or 
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enzyme activity (11). These processes are finely tuned within normal-functioning insects, 
and the disruption of these processes may lead to insect death or compromised physiology 
or behavior.  
To date, terpenoids have proven to be effective insecticidal and repellent molecules. 
A number of studies have identified biochemical and cellular targets where terpenoids exert 
their activity in insects. These include activity at a variety of targets within insect nervous 
systems. Tong and Coats and Priestly et al. demonstrated that thymol is a strong GABA-
gated chloride channel antagonist in house flies (12, 13). Gross et al. demonstrated that 
select monoterpenoids modulate tyramine receptors in ticks at moderately high 
concentrations (14).  Anderson and Coats and Herrera et al. are examples from the literature 
that demonstrate that a number of terpenoids inhibit acetylcholinesterase in American 
cockroaches, house flies, and Sitophilus zeamais (15, 16). Many studies have shown that 
terpenoids may possess strong activity in some pest insect species and not in others (17). 
Moreover, terpenoids are capable of binding to nicotinic acetylcholine receptors in insects 
(18). This indicates that further investigating terpenoid activity at a variety of insect cellular 
targets could lend to a better understanding of their pest control potential.  
In 2004, Bischoff and Enan characterized an octopmine responsive GPCR from the 
American cockroach, which signals via the Gαq pathway (19). This pathway triggers 
increased cytosolic calcium concentrations. Previous research has demonstrated that plant 
terpenoids bind to this receptor and modulate its activity (20). A number of previous 
terpenoids have been identified as either agonists or antagonists at this nervous system 
target. Understanding how these molecules interact with this receptor could lead to novel 
insecticidal compounds and further elucidate the value of octopaminergic compounds in 
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the American cockroach and other pest insects. The characterization of positive and 
negative modulation has not been thoroughly studied in this system. It is possible that this 
bioactivity may correlate with the insecticidal character of these compounds in insects. 
In the present study, we created a high-throughput screening system to determine 
the ability of various terpenoid compounds to act as positive or negative modulators in the 
presence of the endogenous ligand, octopamine. By utilizing an intracellular calcium 
liberation assay, we aimed to further characterize this receptor in Chinese hamster ovary 
(CHO) cells that were transfected with a type-1 octopamine receptor from Periplaneta 
americana (PaOA1). We evaluated the potential of a panel of terpenoids to modulate the 
activity of the heterologously expressed PaOA1 receptor using fluorescence associated 
with calcium liberation as an assay endpoint. After identifying the degree to which 
terpenoids modulate the receptor, the toxicity of select terpenoid compounds will be 
compared to this modulation to see if it is correlated to insecticidal character. These in vivo 
studies, coupled to receptor modulation explorations, will allow for the understanding of 
how octopamine receptor modulators may be used as future insecticidal components.  
 
 
Materials and Methods 
 
Isolation 
P. americana adult male and female roaches were used to extract RNA, which was 
used to prepare cDNA as previously described Gross et al. 2014 (21).  Functional 
expression of Pa OA1 required the coding sequence to be moved into pCDNA3.1(-), a 
mammalian expression vector.  The forward PCR primer added a EcoRI restriction site 
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(bolded and underlined) followed by a Kozac consensus (italicized) sequence and start 
codon (underlined) (5`- ACAGAATTCGCCACCATGAGGGACGGGGTTATGAA – 3`) 
and the reverse PCR primer added a HindIII restriction site (bolded and underlined) (5`-
ACAAAGCTTTCACCTGGAGTCCGTTC CATCGTTGCA-3`).  These PCR reactions 
occur using High-fidelity Taq polymerase (Invitrogen) using a Hybaid Px2 thermal cycler 
(Thermoscientific). 
 
 
Cell culture maintenance and transfection 
Cell culture materials were obtained from Life Technologies, unless otherwise 
noted.  Chinese hamster ovary cells (CHO-K1) were obtained from American Type Culture 
Collection (ATCC; Manassas, VA).  CHO cells were maintained in a NuAire humidified 
water jacket incubator (Plymouth, MN, USA).  Transiently and untransfected cells were 
maintained in 1X Ham’s F12K (Kaighn’s modification) medium which was supplemented 
with 10 mM HEPES (N-2-hydroxyethylpiperazine-N’-2e-thanesulfonic acid) and 10 % 
fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO, USA).  Transient 
transfection of CHO cells with the octopamine receptor (PaOA1) was performed in 6-well 
cell culture plates (Corning). Cells were transfected using Lipofectamine 2000® in OPTI-
MEM supplement with F12K + 10% FBS (no antibiotics were used), according to the 
manufacturer’s protocols (Invitrogen). Cells were transfected with 2.5 µg of DNA and 
incubated in the transfection medium for 12 hr at 37ºC, 5% CO2. Spent transfection media 
was replaced with fresh media containing 500 µg/mL Geneticin® (G418 sulfate; Corning). 
Single-cell colonies were selected in 96-well plates over four weeks. Successful 
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transfection was confirmed transcriptionally using RT-PCR and functionally using the 
calcium liberation assay. 
Calcium liberation assay 
A modified version of the fluo-4 NW calcium assay kit (Invitrogen) was used for 
this experiment. Briefly, cells were plated 24 hours prior to the experiment at a density of 
40,000 cells per well in a clear-bottom blacked-walled 96-well plate. This density was 
optimized to allow for the highest level of fluorescence when challenged with the 
endogenous ligand octopamine and resulted in approximately 90% confluency in each 
well. Before each experiment, cell culture media was removed and replaced with 100 uL 
of assay buffer, which included the proprietary fluo-4 NW dye and 2.5 mM probenecid, a 
drug efflux inhibitor. Cells were incubated in this assay buffer for 90 minutes before 
introducing the various compounds to be tested. Fluorescence was measured with an 
excitation wavelength of 494 nM and an emission wavelength of 516 nM. Fluorescence of 
CHO cells (not expressing the PaOA1 receptor) was used as the background control and 
subtracted from the fluorescence values of the PaOA1 cells. For every treatment screened, 
a corresponding set of CHO cells was used to assess the background fluorescence of the 
compound/assay/cell system. A FlexStation (Molecular Devices, Sunnyvale, CA) was used 
to both inject compounds (biogenic amines and agonists) and perform the fluorescence 
readings.  
 
Terpenoid modulation study 
To assess allosteric and antagonistic effects of terpenoids against the octopamine 
receptor, various terpenoids were applied 30 minutes prior to the introduction of 
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octopamine, similar to the method described by Gross et al. (14). The final concentration 
of octopamine in all treatment wells was 40 nM. This concentration was optimized to assess 
both positive and negative modulation of the octopamine receptor caused by terpenoids. 
From this work, the 100-µM concentration of terpenoids was chosen as the final 
concentration for screening a large number of terpenoids with the hopes of identifying 
positive and negative modulators. At least six biological replications of each terpenoid at 
100 µM was screened in order to determine the average response of octopamine in the 
presence of various terpenoids. All responses were normalized to the response elicited by 
octopamine applied at 40 nM after preincubation with the vehicle control used for 
solubilizing the various monoterpenoids. Each plate contained five wells of cells 
expressing the receptor, exposed to screening concentrations of each terpenoid. Three wells 
contained all reagents present in the fluorescence assay and screening concentrations of 
terpenoids without cells to account for fluorescence background. Each plate also possessed 
cells not transfected with octopamine receptors and not exposed to terpenoids. These 
treatments in each plate allowed for the subtraction of fluorescence background. Relative 
fluorescence units for each plate were averaged and a minimum of three plates were 
performed for each terpenoid. A one-way ANOVA (α = 0.05) with a post-hoc Student 
Newman-Keuls test was performed to assess differences to the vehicle + octopamine 40 
nM control. Another test was performed between yohimbine and phentolamine to assess 
statistically significant differences in modulation.  
In vivo mortality testing 
Cockroaches were anesthetized with CO2 and placed on ice to prevent reanimation. 
Individual terpenoids were dissolved in DMSO to a final concentration of 0.33 µM. This 
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concentration was chosen as it allowed for separation in average mortality caused by all 
the monoterpenoids screened in this study. Injections of 5 µL of 0.33-µM terpenoid in 
DMSO were injected into each nymphal cockroach under the third abdominal sternite. For 
each experiment, five cockroaches were injected with previously mentioned terpenoid in 
DMSO solution and placed in individual plastic one-liter containers. Containers were 
covered with tulle, and cockroaches were provided approximately 2 g of dry food (1:1:1 
mixture of cat food, Cheerios, and rolled oats) and 1 g of Fluker’s Cricket Baits. Percentage 
mortality was recorded at five days post-injection of terpenoid solution. Four replicates 
were completed for each terpenoid challenge. Percentage mortalities were averaged for all 
replicates and presented with the standard error of the mean. A Pearson product-moment 
correlation analysis was performed between percentage mortality and percentage 
modulation to determine whether octopamine receptor modulation was an accurate 
descriptor of mortality. The Pearson coefficient was presented as a means of assessing the 
overall descriptive potential of this analysis.  
 
Results 
EC50 value determination for biogenic amines 
Octopamine potently activated the PaOA1 receptor in a dose-dependent manner 
compared to tyramine (Figure 1). The EC50 value of octopamine was 90 nM with a 95% 
confidence interval of 17 – 482 nM (Table 1). This was much lower than the calculated 
value of tyramine, the most structurally similar biogenic amine to octopamine, with an 
EC50 of 463 nM and 95% confidence interval of 242-8750 nM. While significant overlap 
was observed between these two biogenic amines, the low EC50 value of octopamine is 
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most likely different from that of tyramine. The overlap in 95% confidence intervals is a 
product of the variable response observed for tyramine. Transfected cells responded to 
octopamine at physiologically relevant concentrations indicating this a viable system for 
future modulation studies. Moreover, the maximal dose response of octopamine 
corresponded to roughly three-times that observed for tyramine. It is likely that the activity 
of tyramine at this receptor is negligible. The EC20 value of octopamine was also calculated 
from this dose-response characterization.  
 
 
Octopamine receptor modulation 
Cells were incubated with terpenoids for 30 minutes prior to their exposure to an 
EC20 of octopamine, 40 nM, and subsequently characterized to assess possible positive and 
negative modulation of the octopamine receptor by terpenoids. Select terpenoids were 
chosen in this exploration that represented numerous chemical characteristics. We included 
a number of alcohols, aldehydes, alkenes, carboxylic acids, esters, and ketones to identify 
which chemistries were most capable of modulating octopamine receptor activity.  In order 
to identify those concentrations of terpenoids that were most relevant for screening a wide 
variety of terpenoids for modulatory effects, cinnamaldehyde, pulegone, eugenol, α-
pinene, carvacrol, thymol, vanillin, p-cymene, and linlool were screened at 10 nM, 1 μM, 
and 100 μM. Figure 2 highlights the effect of incubating transfected cells with various 
concentrations of terpenoids followed by an exposure of octopamine corresponding to an 
EC20. The only terpenoid to show statistically significant modulation (α = 0.05) compared 
to the vehicle control at these pre-incubation concentrations was α-pinene at the 100 μM 
concentration. Cinnamaldehyde also showed numerical negative modulation at the 100 μM 
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concentration, but this was not statistically significant compared to the vehicle control. 
Linalool, p-cymene, thymol, eugenol, and pulegone all showed some level of positive 
modulation that higher pre-incubation concentrations. None of these compounds, however, 
produced statistically significant modulation compared to the vehicle control. Because 
negative modulation was observed at 100 μM for α-pinene, this screening concentration 
was utilized for screening other monoterpenoids at this octopamine receptor.  
 We further identified a number of terpenoids that were capable of negatively 
modulating octopamine activity at PaOA1 at a concentration of 100 μM (Figure 3). 
Moreover, we screened two compounds that possess significant activity at octopamine and 
tyramine receptors. Phentaolamine and yohimbine represent potent antagonists against 
octopamine and tyramine receptors, respectively (22-25). Both phentolamine and 
yohimbine were significant negative modulators of intracellular calcium release after a 
challenge with the EC20 of octopamine. Yohimbine caused only 49 ± 6% activity compared 
to the vehicle control after a latent exposure to the EC20 of octopamine. This was 
unexpected as yohimbine is traditionally used as a tyramine antagonist (11). This level of 
activation represents a significant negative modulation of octopamine activity on this 
receptor. Phentolamine, an established octopamine receptor antagonist, produced only 63 
± 4.2% activity compared to the vehicle control. This decrease in activity corresponded to 
a statistically significant negative modulation of the octopamine receptor. No statistically 
significant difference between yohimbine and phentolamine were observed. A maximal 
concentration of 5 μM octopamine was also used as a positive control of heightened 
activity. This level of octopamine produced 218 + 6.7% activity compared to a vehicle 
control + 40 nM octopamine. 
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Among terpenoids screened, α-pinene caused the most significant negative 
modulation, producing 76 ± 4% activity compared to a vehicle control (Figure 3). Vanillin 
also produced negative modulation, with a pre-incubation with this terpenoid causing 86 ± 
6% activity compared to the vehicle control. However, this negative modulation was not 
significant compared to the vehicle control. A number of terpenoids resulted in minor 
levels of positive modulation, presumably by increasing the amount of intracellular 
calcium. However, this modulation was not statistically significant. These terpenoids 
included carvacrol, terpinolene, linalool, p-cymene, thymol, pulegone, 1-terpinen-4-ol, 
eugenol, and cinnamyl acetate with corresponding activities of 102 ± 8%, 108 ± 11%, 109 
± 6%, 117 ± 7%, 120 ± 11%, 127 ± 16%, 130 ± 18%, and 137 ± 8%, respectively. The 
remaining terpenoids screened produced significant levels of potential positive modulation. 
Citronellal, d-camphor, camphoric acid, d-limonene, trans-cinnamic acid, terpinyl acetate, 
camphoric acid (racemic), R-carvone, and citronellic acid caused 145 ± 20%, 151 ± 15%, 
161 ± 17%, 164 ± 23%, 167 ± 13%, 174 ± 16%, 182 ± 20%, 187 ± 21%, and 195 ± 23%, 
respectively. Among the terpenoids screened, citronellic acid produced the highest level of 
potential positive modulation. 
 
In vivo mortality testing 
American cockroach nymphs were challenged with injections of terpenoids that 
caused variable levels of putative octopamine receptor modulation. We observed mortality 
for a majority of these terpenoids one week after injection of 5 μL of 330 mM solution in 
DMSO (Figure 4). In this experiment, the vehicle control (DMSO) caused 8 ± 3% mortality 
at one week after injection. This was a sufficiently low toxicity to assess the toxicity of 
other terpenoids in this bioassay. Among the terpenoids screened, α-pinene and citronellal 
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caused no mortality, one week after injection. All other terpenoids produced some level of 
mortality at one week. The mortalities for 1-terpinen-4-ol, terpinolene, d-limonene, 
pulegone, linalool, trans-cinnamic acid, p-cymene, thymol, carvacrol, R-carvone, and 
eugenol were 25 ± 10%, 32 ± 12%, 35 ± 10%, 35 ± 10%, 38 ± 10%, 40 ± 22%, 40 ± 23%, 
57 ± 11%, 60 ± 5%, 65 ± 17%, and 68 ± 16%, respectively. Percentage mortalities for 
pulegone, linalool, thymol, carvacrol, R-carvone and eugenol were all statistically 
significant compared to the control. Eugenol and R-carvone were identified as the most 
toxic terpenoids in this exploration.   
 For the correlation analysis, a correlation was observed between receptor 
modulation and percentage mortality (Figure 5). The Pearson Correlation Coefficient was 
0.39, indicating a moderate positive correlation. However, this correlation was not 
significant, with a p-value of 0.22. There were some significant outliers in the correlation 
analysis, which may have skewed the Pearson correlation coefficient. R-carvone, eugenol, 
p-cymene, and trans-cinnamic acid all caused significant mortality, however, all of these 
compounds produced percentage receptor modulation that was far from the predicted 
model provided by the Pearson correlation coefficient.  
 
Discussion 
Insecticide development requires establishing a clear screening paradigm to 
evaluate the potential of future insecticidal agents. These methods allow for the 
identification of efficacious and non-efficacious compounds (26-28). In this study, we 
report on the utility of screening insecticidal plant terpenoids against a functionally 
expressed P. americana octopamine receptor (PaOA1) expressed in a heterologous 
expression system amenable to high-throughput analysis.  After screening these 
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compounds for their ability to modulate octopamine receptor activity, we correlated this 
activity with mortality as an endpoint to evaluate the potential of this approach. This study 
may allow for the development of future insecticidal compounds that act at the octopamine 
receptor.  
First, we screened various concentrations of octopamine and tyramine, a biogenic 
amine with similar structure to octopamine, to assess functional expression. Octopamine 
activated the receptor more potently than tyramine (Figure 1). From the dose-response 
curves of both tyramine and octopamine, it is clear that these responses are distinct. 
Octopamine produces a concentration-response curve that is more potent than the control 
response, whereas the response caused by tyramine is significantly more broad with a lower 
maximal response, with an EC50 more than 5 times more effective at activating the 
intracellular calcium release in this cell line (Table 1). Moreover, the maximal response to 
octopamine was significantly greater than that caused by tyramine (Table 1). While the 
activity of tyramine at this receptor was low, it may indicate the ability of tyramine to 
activate PaOA1 receptors in vivo. Other studies have reported that tyramine is capable of 
activating octopamine receptors and octopamine is capable of activating tyramine receptors 
in various arthropods (29, 30).  
 We chose a pre-incubation assay to determine the ability of various monoterpenoids 
to positively or negatively modulate the activity of the octopamine receptor when exposed 
to a discrete concentration of octopamine. In order to screen monoterpenoids for this 
activity at the octopamine receptor, we had to establish a viable screening concentration 
for all monoterpenoids. Numerous studies have shown that monoterpenoids are capable of 
interacting with octopamine and tyramine receptors (14, 20). Figure 2 demonstrates 
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screening various monoterpenoids at three distinct concentrations. All concentrations of 
other monoterpenoids did not produce statistically significant modulation of the receptor. 
Interestingly, some plant terpenoids were approaching significance at other concentrations 
that may be lower than 100 μM. Moreover, the profile of modulation shifts for some 
terpenoids (e.g. cinnamaldehyde, thymol, and vanillin), depending on the concentrations 
at which they are screened. This may indicate a unique concentration-response for 
modulation, and may suggest that percentage modulation may be significantly different 
depending on the concentration screened. Gross et al. showed that depending on the dose, 
modulation at tyramine receptors could be positive or negative after a pre-incubation 
interval similar to the one utilized in this study (14). Because of a statistical significance 
caused by at least one monoterpenoid screened at these concentrations, we chose to move 
forward with the screening concentration of 100 μM of our monoterpenoids for the rest of 
the project.  
 Multiple plant oils were capable of causing significant modulation of the activity 
caused by a discrete dose of octopamine compared to a pre-incubation with vehicle. 
Moreover, yohimbine and phentolamine both caused a decrease in activity of the receptor 
when exposed to a discrete concentration of octopamine, indicating negative modulation. 
While negative modulation was expected for phentolamine, an α-adrenergic antagonist, 
negative modulation was not expected for yohimbine, a tyramine receptor antagonist. A 
previous study demonstrated that yohimbine was capable of inhibing a functionally similar 
octopamine receptor (BmOAR1) with an IC50 of 136 nM (31). Vanillin and α-pinene also 
caused negative modulation; however, only α-pinene produced a significant decrease in 
activity compared to the vehicle control. This negative modulation could be indicative of 
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both classical antagonism or agonism, followed by desensitization. GPCR desensitization 
is mediated by a number of different mechanisms and can be caused by exposure to high 
levels of agonists, and the long exposure interval of this study design may lead to 
significant levels of inactivation (32). Future work will be necessary to better understand 
the pharmacological effects of these terpenoids at the PaOA1 receptor. A number of 
terpenoids resulted in the increase of the second messenger calcium possibly via 
modulation of the receptor, compared to the octopamine control. These included 
terpinolene, p-cymene, linalool, thymol, pulegone, 1-terpinen-4-ol, eugenol, and cinnamyl 
acetate. A previous study demonstrated agonistic character for carvacrol and eugenol (20). 
Interestingly, in our study no activity was reported for cells pre-incubated with 100 μM of 
carvacrol or eugenol. These differences may be due to the long incubation period with 
various terpenoids, resulting in a potential desensitization of the receptor over time. This 
previous study also demonstrated that p-cymene, vanillin, citronellal, and pulegone were 
all antagonists. In this current work, only vanillin appeared to cause numerical negative 
modulation, whereas the other compounds caused some level of positive modulation. These 
differences demonstrate the value of screening compounds for activity in functionally 
expressed transfected cell lines. These studies can demonstrate entirely different activities 
compared to work performed in radioligand binding experiments because of the lack of 
functional outputs in radioligand binding studies. Other reports of discrepancies between 
functional expression assays and radioligand binding studies illustrate the need for use of 
multiple screening assays (33).    
 Finally, a number of terpenoids caused a significant increase in calcium, potentally 
indicating positive modulation activity at this receptor, when screened under this pre-
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incubation method. Among these included citronellal, d-camphor, camphoric acid, d-
limonene, trans-cinnamic acid, terpenyl acetate, camphoric acid (racemic), R-carvone, and 
citronellic acid. Citronellic acid was the most capable of causing positive modulation in 
this study. The mechanism of this interaction is not fully understood and will require future 
studies to characterize this mechanism. Other reports have discussed the potential for 
terpenoids to act as agonists and antagonists at octopamine receptors (20). In general, a 
carboxylic acid moiety was more potent than an aldehyde, which was significantly more 
capable of positive modulation than the analogous alcohol (for example, cinnamaldehdye 
compared to cinnamic acid and citronellal compared to citronellic acid). The mechanism 
for this is still to be determined, but it may indicate a specific binding site on the receptor 
where terpenoids are capable of binding. 
 To assess the relevance of octopamine receptor modulation on whole animal 
bioactivity, we assessed the toxicity of each of these terpenoids after injection into 
American cockroach nymphs. R-carvone and eugenol were the most toxic. While R-
carvone was a significant positive modulator of the octopamine receptor, eugenol was not 
a significant positive modulator. Eugenol did, however, produce positive modulation, but 
this was not statistically significant. Carvacrol and thymol also produced significant 
mortality compared to the control, while causing little to no modulation at the octopamine 
receptor. Other studies have demonstrated that thymol and carvacrol are capable of acting 
as positive modulators at GABAB-gated chloride channels and that carvacrol is capable of 
inhibiting acetylcholinesterase in the German cockroach (12, 15). This may explain the 
relatively high toxicity of both these components even though they did not cause 
modulation at the octopamine receptor. Overall, terpenoid toxicity was moderately 
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correlated to octopamine receptor modulation. This may be due to a number of different 
physiological phenomena. It is possible that detoxification processes differentially degrade 
some terpenoids compared to others, decreasing their overall bioavailability. This could 
lead to lower toxicity in vivo. Moreover, it is possible that these compounds act a secondary 
target sites within the organism. Numerous studies have demonstrated that terpenoids are 
capable of binding to a variety of cellular targets in a plethora of insect pests (12-16, 34). 
Activity at secondary targets may contribute toxicity in this assay, causing higher 
percentage toxicity than that due to octopamine receptor activity. Moreover, the 
octopamine receptor assay used in this study is a measure of octopamine receptor 
modulation compared to true agonism and antagonism. It is possible that the modulation 
of octopamine receptors to their endogenous ligand, may not correlate well with mortality 
at one week after challenge.  
This dataset is valuable for both understanding the pharmacological characteristics 
of the octopamine receptor and for the development of potential insecticidal agents. While 
octopamine receptor modulation does not significantly correlate to mortality in this 
exploration, it may correlate to other bioactivities that could be taken advantage of for the 
development of novel pest control solutions. A number of reports have demonstrated the 
ability of octopaminergic insecticides to kill insects emerging from eggs that were exposed 
shortly before eclosion (35). Moreover, insects exposed to sublethal concentrations of 
octopaminergic insecticides also exhibited hyperactivity and decreased feeding behavior 
(36-38). Stupor is also a characteristic of octopamine antagonists when screened on 
lepidopteran larvae at specific concentrations (39). These effects and others may 
demonstrate the utility of octopaminergic insecticides to control a wide variety of pests, 
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even at sub-lethal concentrations. While immediate knockdown and kill are preferred 
characteristics caused by various insecticides, other sub-lethal effects may also be useful 
in controlling pest populations after the initial application. The compounds demonstrated 
in this study to possess octopaminergic activity may also be capable of producing these 
sub-lethal effects after initial exposure. Future work will need to establish their utility as 
pest control agents in future insecticidal formulations.  
The identification of compounds that are capable of causing modulation at the 
octopamine receptor may be important for the development of future insecticides. In 
identifying candidates or lead molecules for future synthesis, it may be possible to develop 
potent and selective insecticides that target insect-specific receptors. This study 
demonstrates the ability of various terpenoids to modulate octopamine receptors after a 
pre-incubation with discrete concentrations of various terpenoids and relates this activity 
to mortality at 1 week in American cockroaches.  
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Figure 5.1. Concentration-response of octopamine and tyramine against the expressed 
PaOA1 expressed in CHO.  
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Figure 5.2. Terpenoids are capable of modulating the activity of the PaOA1 receptor 
when exposed to a discrete concentration of 40 nM. 
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Figure 5.3. Multiple terpenoids cause positive modulation in vitro when cells were pre-
incubated with 100 µM and exposed to a discrete dose of 40 nM octopamine. Multiple 
compounds screened were capable of significant positive modulation compared to the 40 
nM vehicle control. Among these were linalool, carvone, along with the positive control 
of 5 µM octopamine. Moreover, many other terpenoids were capable of causing 
numerical positive enhancement. 
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Figure 5.4. The mortality of American cockroaches (Periplaneta americana) at 1 week 
after being injected with 5 µL of 0.33M solution of various terpenoids. Various terpenoids 
cause differing degrees of toxicity at one week. This dataset will eventually be coupled to 
octopamine receptor binding and modulation data. The goal is to assess whether 
octopamine modulation caused by this class of compounds is related to insecticidal 
character.   
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Figure 5.5. Pearson correlation analysis of percentage receptor modulation and 
percentage mortality at 1 week, post-injection. In general, receptor modulation was 
moderately positively correlated to percentage mortality. Significant outliers significantly 
decrease the correlation coefficient and may indicate that these monoterpenoids act at 
different sites, independent of the octopamine receptor characterized in this study.  
 
 
Table 
Table 5.1. The EC50 and maximal activity of octopamine and tyramine based on 
exposure to multiple concentrations of each biogenic amine.  
 
     EC50       95% CI  Maximal Act. 
octopamine    90 nM      17 – 480 nM 17000 RFU  
tyramine    460 nM     240 – 8750 nM  6000 RFU 
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CHAPTER 7. THE DISTRIBUTION OF BIODEGRADABLE NANO- AND 
MICROPARTICLES IN AEDES AEGYPTI TISSUES FOLLOWING VARIOUS 
ROUTES OF EXPOSURE 
A paper for publication 
 
1Edmund Norris, 2Adam Mullis, 3Yashdeep Phanse, Lyric C Bartholomay, Balaji 
Narasimhan, Joel R. Coats 
 
 
Introduction 
The uptake and distribution of an insecticide active ingredient in target arthropod 
species is a primary consideration in selecting and designing the most efficacious 
application method and formulation of enduse products.  Uptake of most neurotoxic 
insecticides occurs via contact, which requires movement across various biological 
membranes to reach target organs and kill pest organisms. Distribution of the delivered 
insecticide is a fundamental factor to efficiacy, but surprisingly little is known about the 
biophysical and biochemical interactions that take place at the cuticle to facilitate the 
uptake of insecticides (1). Successful insecticides need to adequately migrate through the 
cuticle, distribute among various physiologically-relevant tissues within the pest, and reach 
target sites in high enough quantities to cause a specific effect (2-4). Formulations based 
on microparticle- and nanoparticle-based delivery technologies may enhance the transport 
of insecticides across biological barriers may be an important element in future insecticide 
enduse products. Polyanhydride micro and nanoparticles represent promising means to 
deliver insecticides to insect targets. Micro and nanoparticle copolymers of 1,6-bis(p-
carboxyphenoxy)hexane (CPH) and sebacic acid (SA) and microparticle copolymers of 
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1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) and CPH were previously shown to 
migrate intracellularly in mouse dendritic cell culture (5). These particles have been 
demonstrated to facilitate the delivery of both small protein and small molecule compounds 
(6).  These findings suggest they may also be effective in delivering analogous current and 
future insecticidal active ingredients. As these micro and nanoparticles were previously 
shown to migrate in arthropods (7), are biodegradable, and non-toxic, their use in future 
insecticidal formulations may allow for the targeted and sustained release of small 
molecular weight insecticide cargos and reduced environmental loading.   To date, 
however, only cursory explorations of microparticle-based delivery of insecticidal agents 
have been performed (11) . 
Copolymer delivery vehicles are being exploited for a wide array of human and 
mammalian therapies because of their potential utility to increase transport across 
biological membranes and delivery to putative sites of action (8-11). Moreover, as these 
copolymer delivery vehicles may allow for the precise delivery of insecticidal actives to 
specific target sites and efficacious migration across the cuticle, they may be able to more 
effectively deliver specific insecticidal molecules that otherwise do not sufficiently 
traverse the cuticle to produce an effect. Delivery technologies could enable the use of new 
insecticidal molecules that cannot currently be used in specific pest control arenas, 
allowing for a larger and more diverse suite of active ingredients that can be employed to 
manage populations of vector arthropod species.  
It may be possible to exploit these technologies to deliver synthetic small 
molecule and next-generation insecticidal active ingredients; e.g.dsRNA.  Previous 
studies have suggested coupling RNAi technologies to various micro- and nano-particle 
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delivery technologies allows for the effective delivery to target tissues (12-14). These 
studies also showed that select micro and nanoparticle delivery vehicles could distribute 
throughout the tissues of exposed mosquitoes (15). Delivery vehicles may allow for the 
tailored delivery of dsRNA to select tissues of physiological importance. Moreover, 
encapsulating insecticidal peptides or nucleic acids may contribute to their increased 
persistence within the target pest. As both peptides and dsRNA are quite labile in many 
environments, this could allow for their use in more control applications than currently 
available.  
We postulate that polyanhydride micro and nanoparticles can be designed to cross 
the insect cuticle and deliver insecticides to target organs, thereby reducing the requisite 
dose of insecticides already in use and expanding the repertoire of insecticides by 
enabling delivery of insecticidal compounds that otherwise cannot cross biological 
membranes. The goal of this study was to assess the ability of select polyanhydride micro 
and nanoparticles to traverse across the insect cuticle and localize within specific tissues 
in adult Aedes aegypti mosquitoes. Live Ae. aegypti female mosquitoes were challenged 
with rhodamine B-labeled 20:80 CPTEG:CPH or CPH:SA particles via two routes of 
exposure (treated-surface contact and topical application). Using a variety of 
quantification and visualization techniques, the biodistribution of these particles was 
explored. Finally, we aimed to characterize the ability of nanoparticles to associate with 
and internalize within Aag2 cells, a cell line derived from Ae. aegytpi larvae. By 
identifying the degree of uptake into specific tissues, we will be able to evaluate the 
potential of these micro and nanoparticles as delivery technologies in future insecticidal 
applications. 
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Materials and Methods 
 
Micro- and Nanoparticles 
CPH di-acid, and SA and CPH pre-polymers were synthesized as previously 
published by Kipper et al. (16) Copolymers of 20:80 CPH:SA (C:S) and 20:80 
CPTEG:CPH (C:C) were synthesized via melt polycondensation as previously published 
by Kipper et al. and Torres et al. (16,17). Polymer:copolymer ratio and molecular weight 
was characterized by 1H nuclear magnetic resonance spectroscopy. 
Specifically, nanoparticles were synthesized by flash nanoprecipitation. F Polymer 
covalently linked to rhodamine B was dissolved in methylene chloride (20 mg/mL) and 
homogenized by sonication. This solution was poured into a bath of pentane at a 
solvent:anti-solvent ratio of 1:250, where the anti-solvent was room temperature for C:S 
particles and -10°C for C:C particles. Microparticles were synthesized by dissolving 
polymer linked to Rhodamine B in methylene chloride (10 mg/mL) and homogenized by 
sonication. Spray drying was carried out on a Buchi B-290 Mini Spray Dryer unit with 
aspiration at 70%, pump at 10%, air flow at 40 (~670 L/h), and inlet temperature set at 
30°C or 25°C for C:S particles and C:C particles, respectively. Size distributions were 
characterized by scanning electron microscopy. See SupplementaryFigure 1 for images of 
micor and nanoparticles and size characterizations. Particles with an average diameter less 
than 1 μm were characterized as nanoparticles and particles with an average diameter 
greater than 1μm were defined as microparticles.  
Rhodamine B was conjugated to the end groups of 20:80 CPH:SA and 20:80 
CPTEG:CPH by melt condensation. Rhodamine B and polymer were combined at a 10:1 
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end group molar ratio, acetylated with excess acetic anhydride at 150°C for 30 minutes, 
and dried by rotary evaporation. The systems were reacted for 30 minutes at 180°C, 0.5 
torr for C:S particles, and at 140°C, 0.3 torr for C:C particles. Functionalized polymers 
were dissolved in methylene chloride and precipitated in hexanes. 1H and 1H-13C (HMBC 
& HSQC) nuclear magnetic resonance spectroscopy and Fourier transformed infrared 
spectroscopy were used to confirm. Rhodamine B was covalently linked to the ends of the 
polymers. 
 
Exposure of mosquitoes to particles via treated-surface contact 
Five mg of micro or nanoparticles were introduced into 229 μL of 556 Dow Corning 
Silicone Oil and 1 mL of methanol and sonicated to create a stable suspension. The 
suspension was immediately pipetted onto 90-mm Whatman #1 filter papers. Filter papers 
were allowed to dry for 24 hr in a dark fume hood to remove excess solvent before exposing 
mosquitoes. World Health Organization conical exposure arenas were used to expose live 
female Ae. aegypti to the particle-treated filter papers. Mosquitoes were exposed to 
particle-treated filter papers for 48 hr; no mortality was observed in this 48-hr exposure. 
Mosquitoes were frozen before removal from the assay container to assess the total amount 
of particles associated with different tissues in the live mosquitoes. The conical exposure 
tubes were frozen upside-down to prevent mosquitoes from falling onto the particle-treated 
filter paper, to avoid contamination. Mosquitoes were also exposed to blank particles (no 
rhodamine B) to assess any toxicity of these particles to live mosquitoes.  
After freezing, mosquitoes were collected and legs were removed; bodies and legs 
were kept separate from one another to better characterize where particles localized. Legs 
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or mosquito bodies for each treatment were pooled and homogenized in a final volume of 
1 mL phosphate buffered saline (PBS). These homogenates were incubated at room 
temperature for 2 hr to promote the release of free rhodamine into 1x PBS. Homogenates 
were centrifuged at 1400 rpm to pellet cellular or tissue debris. Fluorescence of rhodamine 
in solution was performed using a SPECTRA Max 384 spectrophotometer with an 
excitation wavelength of 545 nm and an emission wavelength of 610 nm. Supernatant (200 
μL) from each homogenate was pipetted into three wells of a 96-well microplate. 
Fluorescence was recorded for each well and average fluorescence was used to calculate 
the total amount of particles localized within the legs of each mosquito (using the standard 
curve to calculate this amount). Ten mosquitoes were used for each replicate. This 
experiment was performed in triplicate with three biological cohorts.  
These exposure experiments were repeated and whole mosquitoes were collected 
after exposure to micro- or nanoparticles for 48 hr. Specimens were frozen until they were 
visualized. Legs were separated from mosquito bodies. Legs, whole mosquito bodies 
(including internal tissues), or internal tissues (midgut, Malpighian tubules, and ovaries) 
were placed onto microscope slides from each individual mosquito exposed to particles. A 
drop of PBS was placed on the specimens and each was covered with a coverslip. An 
excitation wavelength range of 510-570 nM was used to assess micro- or nanoparticle 
localization within mosquito tissues. Micro- or nanoparticles were defined as any 
fluorescence that was greater than the background autofluorescence defined from a control 
specimen (no particles). Fluorescent images and brightfield images were taken to define 
the boundaries of specific tissues. Microscope gain was set to 3.4x and exposure was set to 
1 second. Post-hoc brightness reduction was set using ImageJ analysis software (Min:20, 
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Max: 190). Mean value fluorescence (MVF) beyond background auto-fluorescence was 
performed post-hoc using ImageJ analysis software. This was done by randomly 
highlighting labeled regions within each image and quantifying the average fluorescent 
signal in that region with the Analyze feature in ImageJ. Fluorescent and brightfield images 
were presented individually and as merged images using ImageJ software. A One-way 
ANOVA with a Bonferroni post-hoc test (α = 0.05) was used to assess statistically 
significant differences between particle types.  
 
Standard Curve generation of micro- or nanoparticles in PBS 
Two mg of micro or nanoparticles were introduced into 1 mL of 1x PBS and 
incubated for 2 hr at room temperature. This incubation was performed to allow breakdown 
of particle polymers to release free rhodamine for detection in solution. Successive 10-fold 
serial dilutions of particles were made until the final concentration of 2 ng/mL was 
achieved. The legs or bodies (without the legs) of 10 mosquitoes were homogenized into 
each tube to account for any background fluorescence or interference caused by the 
presence of mosquito tissues. The fluorescence of multiple samples of 200 μL of each 
solution and each concentration was assessed using the excitation/emission wavelengths 
for the detection of rhodamine B. The linear regions of the fluorescence/concentration 
curves for each particle size and chemistry were used for the standard curve regressions.  
 
Exposure of mosquitoes to particles via topical application 
Because microparticles did not adequately label internal tissues, only nanoparticles 
were used for this study. Five mg of nanoparticles of either chemistry type were introduced 
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into 229 μL of 556 Dow Corning Silicone Oil and 1 mL of methanol and sonicated to create 
a stable suspension. This suspension was used for topical applications of mosquitoes. A 
slightly modified World Health Organization protocol was utilized for topical applications 
of nanoparticles on mosquitoes. Female, non-blood fed mosquitoes were anesthetized 
for30 seconds using CO2 and then placed in a 90-mm petri dish on ice to prevent 
reanimation during the experiment. A volume of 0.2 μL of the nanoparticle suspension was 
applied to the pronotum of each individual mosquito. A total of 25 mosquitoes were treated 
for each experiment for each replicate. Mosquitoes were then transferred to an 8-ounce deli 
cup with tulle placed over the top to prevent escape and maintained at a constant 
temperature of 30°C,  80% relative humidity.  
Blank nanoparticles (without rhodamine) were applied to the pronotum of 
mosquitoes to assess the toxicity of nanoparticles against mosquitoes. Mosquito survival 
was monitored for 8 days after treatment with nanoparticle suspension. Mosquitoes were 
also exposed to rhodamine-labelled nanoparticles. Whole mosquitoes were visualized 
using an epi-fluorescent microscope (excitation wavelength of 510-570 nM) to identify 
regions that were heavily stained with rhodamine. Finally, internalization and localization 
of nanoparticles in internal tissues was characterized by dissecting and visualizing internal 
organs of mosquitoes. The same protocol was used as described above, but with a gain 
setting of 1.7 X and an exposure time of 200 ms. Again, mean value fluorescence was 
recorded for random samples, as described in the previous section. A rhodamine-only 
control was performed for this study to determine the extent of rhodamine labeling that is 
caused by the particles (and not rhodamine alone). Rhodamine was estimated to be present 
at 13.3% and 5.2% (w/w particles) for CPTEG:CPH and CPH:SA, respectively, as the total 
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amount of rhodamine present within each nanoparticle type. These values are calculated 
from the theoretical yield of rhodamine content in each nanoparticle type and represent 
high level estimates. The corresponding amounts of rhodamine B for each particle type 
was applied to mosquitoes to assess rhodamine B labeling in the absence of particles. A 
One-way ANOVA with a Bonferroni post-hoc test (α = 0.05) was used to assess 
statistically significant differences between particle types. 
 
Exposure of mosquito cell lines to nanoparticles 
Aedes albopictus C6/36 cells were incubated in T-25 cell culture flasks at a 
constant temperature of 28°C under normal atmospheric conditions. In each flask, cells 
were cultured in Liebovitz’s L15 media with 10% fetal bovine serum, 1% penicillin-
streptomycin, and 1% L-glutamine. Cells were passaged twice per week and allowed to 
achieve approximately 90% confluency before each passage. 
Cells were plated on coverslips in a 24-well Corning Costar plate. Cells were 
introduced at a density of 5 x 105 cells/well and incubated for 24 hr at 28°C. After 24 hr, 
particles were introduced into each well at a concentration of 200 μg/mL and incubated for 
either 2 or 24 hr for each nanoparticle chemistry type. After the incubation period (2 hr or 
24 hr), cells were rinsed four times with 1X PBS. After the rinse stage, cells were fixed 
using 4% formaldehyde solution in PBS for 10 minutes at room temperature. Fixed cells 
were washed three times with PBS and permeabilized with 1% Triton X-100 in PBS for 3 
minutes. A 2.5% AlexaFluor 488-linked phalloidin solution in 1X PBS was applied to the 
cell samples for 20 minutes in order to stain cellular actin. This allowed for the 
identification of cell boundaries in subsequent imaging protocols. Cells were once again 
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washed 3 times in 1x PBS and coverslips were removed from the 24-well plate. These 
coverslips were mounted on microscope slides using Prolong® Gold reagent with DAPI in 
order to stain the nuclei of each cell and preserve the sample for future imaging. Mounted 
coverslips were coated with clear nail polish to prevent desiccation of the sample and stored 
at 4°C before imaging. Endocytosis inhibitors were incubated with cells for 3 hr prior to 
the addition of particles to assess the inhibition of nanoparticle uptake within cells. 
Inhibitors were incubated with cells at similar concentrations as described in Lee et al. 
(18). Dynasore (2.5 μM, 25 μM, and 100 μM), monodansylcadaverine (50 μM, 150 μM, 
and 250 μM), and nystatin (5 μM, 20 μM, and 40 μM) were used to inhibit clathrin-
dependent endocytosis, receptor-mediated endocytosis, and caveolae-mediated 
endocytosis, respectively. Particles were then added for 2 hr and cells were rinsed and fixed 
in the same manner as described above. A One-way ANOVA with a Bonferroni post-hoc 
test (α = 0.05) was used to assess statistically significant differences among treatment 
groups. 
Epifluorescence microscopy was used to produce a semi-quantitative 
characterization of the total number of cells associated with microparticles. The total 
percentage of cells associated with micropartcles were identified. To do this, 10 different 
distinct viewing regions (magnification of 100X) on each cover slide were observed. 
Within each viewing region, the total number of cells was enumerated and the total number 
of cells associated with red fluorescence (rhodamine-labeled nanoparticles) was assessed. 
This allowed for the calculation of percentage cells associated with nanoparticles. This 
percentage was averaged across the 10 viewing regions for each coverslip for each 
nanoparticle type and exposure time. 
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To assess particle internalization within exposed cells, mounted cells were imaged 
using a Leica TCS-LSI Macro confocal microscope. Excitation/emission wavelengths were 
optimized to view DAPI (blue), AlexaFluor 488 (green), and rhodamine B. These 
excitation/emission parameters allowed for the visualization of cell nuclei, actin, and 
rhodamine-labeled nanoparticles, respectively. Representative images for each 
combination of cell type, nanoparticle type, and exposure time were obtained. Images of 
intracellular localization were prioritized whenever possible. Z-stacks were obtained for 
select representative cells and Imaris 9.1 software (Zurich, Switzerland) was used to 
produce 3-dimensional renderings of select cells to demonstrate the internalization of 
microparticles.  
 
Results 
Exposure of mosquitoes to micro- and nanoparticles via treated-surface contact 
No significant toxicity was observed in any particle exposure compared to both the 
vehicle control or no-treatment control. No mortality was observed until the sixth day after 
initial exposure. Percentage mortality values were were below 10% mortality in all 
treatment groups. Figure 2 highlights these results 
To better quantify the localization of micro- and nanoparticles within whole 
mosquito bodies, standard curves for both particle chemistries were obtained in whole body 
homogenates (Supplemental Figures 2 and 3). Micro- and nanoparticles of both chemistries 
were detectable at sufficiently low concentrations in this medium (< 100 ng/10 
mosquitoes). This allowed quantification of particles in whole insect tissues. Figure 1 
demonstrates the mass of micro and nanoparticles localized to whole mosquito bodies 
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(without legs) or legs alone. There were clear differences observed between both types of 
particle chemistries and particle sizes. The particle chemistry that more readily associated 
with the legs of mosquitoes was 20:80 CPH:SA, compared to 20:80 CPTEG:CPH. This 
was in stark contrast to the whole body, in which 20:80 CPTEG:CPH more readily 
associated with this bulk tissue compared to CPH:SA. A noticeable relationship was also 
observed between particle size and the association with specific tissue types. 
Microparticles of both chemistry types were less likely to associate with tissues, in general. 
This was especially true for whole bodies, where microparticles of both chemistries were 
not observed in this tissue type. Of the two particle chemistries, only CPH:SA 
microparticles were detected in mosquito legs.  
To track the localization of nanoparticles on the exterior of exposed adult female 
mosquitoes, epifluorescence microscopy was utilized to capture images of rhodamine 
labeling. Figure 3 highlights the labeling of specific regions of exposed mosquitoes by 
20:80 CPH:SA nanoparticles. CPH:SA particles associated with all the major segments of 
mosquito legs, indicating their ability to readily distribute throughout the exterior of the 
mosquito body. These particles were also observed on the ventral region of the proboscis 
and posterior abdomen. Figure 4 highlights the tissues most readily labeled by rhodamine 
B 20:80 CPTEG:CPH particles. Again, the legs of mosquitoes were labeled with 
rhodamine B in these challenges; however, this rhodamine B labeling was less pronounced 
in mosquito legs compared to CPH:SA particles. Rhodamine B labeling was confined to 
the tarsi and tibiae of exposed mosquitoes.  
To assess the internalization of nanoparticles across the mosquito cuticle, we 
monitored the fluorescence of internal mosquito tissues in exposed mosquitoes. Figure 5 
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highlights the labeling of internal tissues with rhodamine B. Significant labeling of internal 
tissues was observed for each particle chemistry. CPTEG:CPH particles were more often 
observed in association with internal tissues than CPH:SA particles in this exploration. Of 
the tissues observed, Malpighian tubules were the most significantly labeled tissues for 
both particle chemistries. Using mean value fluorescence of each image, clear differences 
in labeling among tissues was observed. CPTEG:CPH labeled all tissues removed to a 
higher degree than CPH:SA particles. As for tissue-specific localization, the malpighian 
tubules was the most highly labeled tissue for CPTEG:CPH particles, validating the 
qualitative result presented above (Figure 6). For CPH:SA particles, both midgut and 
Malpighian tubules labeling was statistically similar; however, Malpighian tubules labeling 
was numerically higher.  
 
Exposure of mosquitoes to particles via topical application 
Nanoparticle localization was monitored after the topical application of both 
particle chemistries. Figures 7 and 8 highlight the distribution of 20:80 CPTEG:CPH and 
20:80 CPH:SA nanoparticles. Overall, both particle chemistries diffused evenly across the 
entire exposed mosquitoes. Rhodamine B labeling was evident on the head, thorax, wings, 
and abdomen of treated mosquitoes. Between chemistries, rhodamine B labeling for the 
CPH:SA chemistry was more pronounced on the thorax compared to the CPTEG:CPH 
exposure.  
Blank particles did not cause significant mortality compared to the control until the 
sixth day when CPH:SA produced statistically lower survival (80 ± 2.3%) than the control 
(p = 0.008). This mortality remained to be statistically significant compared to the control 
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for the remainder of the assay (Figure 9). CPTEG:CPH particles, while producing lower 
percentage survival values than the control, did not cause statistically significant decreases 
in survivorship.   
Tissues were excised and visualized to assess internalization via this route of 
exposure (see Figure 10) labeling. As in the treated-surface contact exposure, significant 
labeling was noted for both particle chemistries. All of the tissues characterized were 
significantly labeled with rhodamine B compared to the background control. For the 20:80 
CPH:SA exposure, Malpighian tubules were the most significantly labeled followed by the 
midgut and ovaries. For 20:80 CPTEG:CPH particles, both Malpighian tubules and the 
midgut labeled similarly but significantly higher than the ovaries and background. Via this 
exposure route, specific differences in the propensity of particles to label select tissues were 
noted compared to the treated-surface contact route. Overall, CPTEG:CPH particles were 
considerably more often observed in tissues than CPH:SA particles. The differences among 
tissue-specific labeling and particle-specific labeling are enumerated in Figure 11.  
Mosquitoes were also exposed to a rhodamine B-only to assess the ability of pure 
rhodamine to migrate within mosquito tissues.. Rhodamine B was not evident in internal 
mosquito tissues using identical exposure strategies. The stark difference between 
rhodamine B labeling in this rhodamine B-alone challenge strongly suggests that particles 
facilitate the uptake of rhodamine through the cuticle. 
 
Aag2 cell exposure and kinetics of particle association 
To assess intracellular localization of particles, Aag2 cells were incubated with 
20:80 CPH:SA or 20:80 CPTEG:CPH nanoparticles for 2 or 24 hr before rinsing and fixing 
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cells. Figure 12 highlights the differences in cell association for the various nanoparticles 
screened against cells. Overall, cells associated with 20:80 CPTEG:CPH nanoparticles to 
a greater degree than 20:80 CPH:SA nanoparticles. The association with CPTEG:CPH 
nanoparticles was also faster than their association with CPH:SA particles. This difference 
in association was greatest at 24 hr after treatment and was statistically significant. 
Moreover, a larger number of cells were associated with nanoparticles after 24 hr of 
exposure, compared to the 2 hr exposure. This trend was similar in both nanoparticle types 
(C:S and C:C). This trend indicates that nanoparticle association with cells/ intracellular 
uptake of nanoparticles is time-dependent. Over 50% of cells associated with nanoparticles 
at 2 hr for both chemistries. The increase in the number of cells associated with 
nanoparticles from 2 hr to 24 hr was 20.6% of cells for C:S nanoparticles and 21.8% of 
cells for C:C nanoparticles. This relatively small increase over the 22 hr period (2 hr to 24 
hr exposure) indicates that a majority of nanoparticle association/intracellular localization 
occurs quickly following exposure. Figure 13 highlights the association of particles with 
cells, visualized via epifluorescent microscopy. This association is seen as punctate 
staining associated with labeled cells.  
Internalization of nanoparticles within insect cells was also apparent. Figure 14 
demonstrates the internalization of particles. Both CPH:SA and CPTEG:CPH particles 
associated with the cytoplasm of the cell. No internalization was noted within the nucleus 
of the cells.. After a 24-hr exposure period, internalization within cells was diffuse and no 
subcellular localization could be noted from confocal microscopy. Cells co-incubated with 
lysotracker and nanoparticles displayed conspecific staining in select regions.  
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Inhibition of particle endocytosis in Aag2 cells 
Various pharmacological inhibitors were used to assess the inhibition of various 
endocytotic pathways on nanoparticle uptake. After a 2-hr exposure interval, 55.9 ± 4% of 
cells associated with CPH:SA nanoparticles in the no treatment control, whereas 65.2 ± 
7% of cells associated with the CPTEG:CPH nanoparticles (Figure 15).  None of the 
inhibitors caused a significant decrease in cell viability in any of the treatment groups 
compared to the control. This relatively high level of uptake by Aag2 cells in the control 
allowed for the characterization of potential endocytosis inhibition in the pharmacological 
inhibitor challenges. Dynasore did not produce significant inhibition of endocytosis of 
nanoparticles, with 55.1 ± 4%, 59.4 ± 2%, and 55.5 ± 3% of cells associating with the 
CPHS:SA particles for the low, medium, and high exposure to this compound. This was 
similar in the CPTEG:CPH trials with 64.3 ± 4%, 60.2 ± 6%, and 57.5 ± 3% of cells 
associated with nanoparticles for the low, medium, and high exposure to this compound. 
Monodansylcadaverine (MDC) also did not produce significant inhibition of nanoparticle 
uptake for either chemistry at all the concentrations screened. The percentages of cells 
associated with CPH:SA nanoparticles were 60 ± 4.8%, 49.7 ± 15%, and 51.1 ± 4% for the 
low, medium, and high exposures; and for the CPTEG:CPH nanoparticles, 48.5 ± 21%, 
54.5 ±9%, and 62 ± 7% of cells associated with particles after being challenged with the 
low, medium, and high exposure of MDC, respectively.  
 By comparison, nystatin produced statistically significant decreases in Aag2 
cellular association with various nanoparticles. CPH:SA particle uptake was inhibited at 
the medium and high exposure levels, with 29.4 ± 4% and 31.8 ± 5% of cells associating 
with nanoparticles in each of these exposure levels, respectively. Nystatin also inhibited 
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CPTEG:CPH nanoparticle uptake, with the high exposure of nystatin causing only 30 ± 
4% of cells to associate with nanoparticles compared to the 65.2 ± 7% of cells in the 
control. Nystatin effect was greater on nanoparticle uptake in the context of CPH:SA as 
compared to CPTEG:CPH, as the medium dose significantly decreased nanoparticle 
association in the cells exposed to CPH:SA but not CPTEG:CPH (FIG 15).  
 
 
 
Discussion 
Polyanhydride micro- and nanoparticles show promising biodistribution profiles in 
Ae. aegypti cell culture, and in cells and tissues in vivo. Mosquitoes and mosquito cells 
were exposed to particles of two different chemistry types and size profiles to assess the 
ability of particles to disseminate within live mosquitoes. Regardless of the exposure route, 
particles distributed within tissues. This indicates their potential to move readily through 
the mosquito cuticle as well as tissues and cells, and may allow for the better delivery of 
insecticides. Beyond their ability to distribute within mosquitoes, these particles were also 
non-toxic to both whole insects and insect cells at the exposure rates utilized in this study. 
 To characterize the distribution of particles in insect tissue, we first exposed 
mosquitoes to micro and nanoparticles applied to a treated-surface. This was done to mimic 
exposure to specific contact insecticides. Indoor residual spray (IRS) campaigns are an 
essential operational approach to control vector mosquito species in dwellings, especially 
in areas where malaria is endemic. After an IRS, insects that land on the treated surface 
become intoxicated and die. The treated-surface contact exposure route utilized in this 
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study explores the potential of particles to associate with a surface, then translocate across 
the cuticle and localize within mosquito tissues and may demonstrate the potential of this 
technology in future IRS technologies or in trap and kill methods. After exposing 
mosquitoes to surfaces treated with particles, discrete rhodamine B labeling was identified 
throughout the legs of all exposed individual Ae. aegypti. Of the two particle chemistries 
and sizes, CPH:SA particles were observed diffusely labeling the exterior of leg segments. 
CPH:SA particles were also observed in the ventral abdomen and the proboscis. 
CPTEG:CPH particles were evident in the exterior of legs of mosquitoes, but to a lesser 
degree than the other particle. In general, microparticles were less likely to associate with 
interior or exterior tissues and rhodamine B labeling was less apparent compared to the 
nanoparticles trials. These findings may represent the ability of mosquitoes to acquire 
particles by contacting the surface with their abdomen or by salting or probing the surface. 
A previous study demonstrated that mosquitoes probe and acquire solid sugar through the 
secretion of digestive liquids that move through the proboscis (19). This same mechanism 
may facilitate uptake of other solids, such as the particles utilized in this study. This is a 
provocative lead for developing these particles for delivery of oral toxicants by surface-
contact applications, perhaps in addition to topical insecticides. The finding that some of 
these particles adhered to the cuticle is promising for the delivery of insecticides with auto-
dissemination properties, such as pyroproxifen. Pyriproxifen is a potent, active juvenile 
hormone mimic that is carried with a mosquito when she alights on a surface and delivered 
to the next container; this inoculation of a breeding site is sufficient to prevent development 
of larvae in that habitat (20, 21). This is particularly relevant for controlling cryptic species, 
which utilize larval habitats that can be difficult to treat with more conventional larviciding 
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approaches (22). The ability of these micro and nanoparticles to adhere to the tarsi and 
abdomens of exposed mosquitoes is therefore promising in this type of treatment paradigm. 
Although microparticles associated with exterior tissues to a lesser degree, larger particles 
might be exploited to carry larger amounts of insecticidal payload. This may be particularly 
useful in the delivery of pyriproxifen to secondary containers by exposed mosquitoes.  
Because microparticles were less likely to associate with tissues in general, only 
nanoparticles were explored in subsequent experiments. As the goal of this study was to 
evaluate the utility of particle types to deliver insecticidal payloads to the interior of an 
exposed insect, their lack of penetration into internal tissues and lower levels of association 
with external tissues led us to focus our explorations more specifically on nanoparticles. 
Microparticles, however, may still be efficacious however in delivering insecticidal 
payloads, and should not be overlooked in future efficacy trials when pairing insecticidal 
payloads with these chemistries. For instance, microparticles may act as a source for 
insecticidal payloads associated with exterior tissues, which may continually secrete or 
leach insecticidal molecules through the cuticle.  
The quantification of particles using spectrofluorometry further validated that 
CPH:SA was more associated with the external surfaces of legs than CPTEG:CPH, as 
observed in surface cuticle visualizations. However, CPTEG:CPH nanoparticles also were 
present at high levels in whole mosquito bodies via this route of exposure highlighted that 
high levels of particles were present within mosquitoes. Interestingly, CPTEG:CPH 
nanoparticles were not apparent on the surface of mosquito bodies, despite high detectable 
levels of rhodamine B internally. This suggests that these nanoparticles areinternalized 
within the hemoceol of exposed mosquitoes. Nanoparticle uptake was evident internally 
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with either particle chemistry, based on Rhodamine B detection. That said, CPTEG:CPH 
nanoparticles  were more evident in internal tissues than CPH:SA. Of the tissues labeled, 
Malpighian tubules presented with higher labeling compared to the other tissues. This 
increased labeling was statistically significant compared to the other tissues. This result 
may indicate that nanoparticles possess a higher affinity for the tissues within the 
Malpighian tubules or that they are actively transported there. It could also indicate that 
particles rapidly breakdown within the hemoceol of the insect and rhodamine B dye is 
processed and concentrated within the Malpighian tubules, the primary excretory organ of 
the mosquito. If the latter is the case, these data serve as a proxy for exploring the delivery 
of a small molecule payload to a tissue of interest, with rhodamine B acting as an analog 
to an insecticidal molecule. In fact, rhodamine B labeling was also evident within other 
tissues and indicates the potential for these particles to deliver toxicants to specific tissues 
other than the Malpighian tubules.  
Topical application was performed to mimic exposure to a contact insecticide 
application, such as space spraying or fogging a specified area. For topical applications, 
again a 48-hr exposure period was utilized to allow for adequate distribution of 
nanoparticles. Nanoparticles were clearly visible on the exterior of all major segments of 
the insect body, indicating broad distribution. This distribution may be caused by grooming 
of the insect or diffusion through the cuticle. Distribution was even throughout tissues for 
both particle chemistries indicating that both can distribute across the body of an exposed 
mosquito, even after an application of 0.2 μL to just the pronotum. Nanoparticles 
distributed evenly throughout the head, thorax, and abdomen of exposed mosquitoes and 
were found on the wings of each individual as well. As was observed with surface contact 
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exposure, CPH:SA nanoparticles exhibited higher levels of rhodamine B staining on the 
exterior of the cuticle than CPTEG:CPH nanoparticles. This may indicate that these 
particles migrate through the cuticle more slowly than CPTEG:CPH, and thus present 
higher levels of fluorescence when visualized on the exterior. Particle fluorescence also 
appeared to be greatest near the junction of various sclerites throughout the insect body. 
This may indicate that nanoparticles migrate through the cuticle at these junctions, perhaps 
through arthrodial membranes, which are considerably thinner than other regions on the 
insect (23). Further work is would needed to definitively elucidate the specific route by 
which these particles are entering through the cuticle.  
 Internal labeling of tissues was also observed with the topical application and was 
significantly more pronounced than the levels obtained from the treated-surface contact 
exposures. Gain and exposure settings were decreased to visualize differences in labeling 
between samples, as labeling was so intense on all non-control treatment groups. As with 
the previous exploration, the Malpighian tubules were significantly more labeled than the 
other tissues examined. Overall, labeling for all tissues was significantly higher than the 
control for this route of exposure compared to the previous study. The difference in 
nanoparticle uptake may be due to the promise of this route of exposure or the specific dose 
used for this exploration compared to the treated-surface contact exposure. In general, 
mosquitoes were exposed to relatively high levels of particles (1 μg of particles/mosquito) 
for this study, causing relatively high levels of distribution. Despite the inability to assess 
differential efficacy between the surface-contact exposure and topical application exposure 
model, the results obtained from this route of exposure establishes that these particles are 
able to sufficiently bio-distribute within mosquitoes. Moreover, it is clear that the extent of 
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biodistribution is related to the number of particles applied and the route by which 
mosquitoes are exposed.  
Because particles are biodegradable and release rhodamine-B, we exposed 
mosquitoes to free rhodamine at the levels theoretically present in each particle chemistry. 
As the theoretical rhodamine B content represents the maximum amount of rhodamine B 
possibly linked to each particle chemistry, this method should account for the total 
rhodamine B that could be released by each particle chemistry. Topical applications 
followed by dissections of internal tissues illustrated that tissue-specific staining was 
minimal. The only tissue/particle chemistry pairing in which rhodamine B labeling was 
appreciable was the midgut for CPH:SA particles, and this was not statistically significant 
compared to the control exposed tissues. As this result highlights that rhodamine B does 
not migrate readily through the insect cuticle itself, rhodamine B labeling among the 
particle-challenged groups is due to actual particle distribution within observed tissues or 
via particles degradation and subsequent release of rhodamine B. Both of these possibilities 
highlight the potential of these particles to adequately deliver a payload.  
 Insect cell association and internalization studies were performed to assess the 
ability of these particles to deliver select toxic payloads to mosquito tissues. RNAi is a 
promising technology for the control of various pest arthropods, which acts by decreasing 
the expression of specific gene products that are physiologically essential (24, 25). Particle-
facilitated delivery of RNAi triggers could be a promising means to increase the persistence 
of dsRNA in both the environment and the organism and increase the efficacy of this 
technology by targeting it to specific tissues (15). Incubation of Aag2 cells indicated that 
nanoparticles associated with cells rapidly and to a high degree. After a two-hour period, a 
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majority of cells were labeled at the concentrations utilized in this study. This highlights 
the versatility of these particles to adhere to biologically-relevant tissues rapidly, further 
demonstrating their potential in pest control applications. This characteristic could be 
promising as these particles rapidly associate with biological tissue and can deliver 
insecticidal chemistries after a short exposure. Moreover, significant intracellular uptake 
was observed for both chemistry types in this study with particles localizing within the 
cytoplasm of cells as well as adhering to the cell membrane. Nanoparticles were never 
observed to localize within the nuclei of cells that internalized particles. This could be due 
to their large size. Nuclear pore complexes can accommodate cargos below the size of 
approximately 40 nm (26). While the particles in this study possess a range of potential 
sizes, 40 nm represents a size at least 2 standard deviations away from the mean particle 
diameter. This indicates that very few, if any, particles of this size are present. This suggests 
that little if any particles of this size would be present to be visualized.  These 
characteristics of particle localization are essential for the delivery of small molecule 
payloads intracellularly.  
 The mechanism of endocytosis was explored in Aag2 cells via the incubation of 
cells with various concentrations of endocytosis inhibitors. These studies are valuable as 
they may elucidate the subcellular trafficking of particles within specific cell types, and, 
for the purposes of this study, may shed light upon the payloads that could reasonably be 
delivered by these various chemistries. Among the inhibitors screened, only nystatin 
significantly inhibited cell association with nanoparticles. Nystatin is a known inhibitor of 
caveolae-mediated endocytosis (18, 27, 28). This result may indicate that caveolae-
mediated uptake is essential for nanoparticle internalization. Caveolae-mediated uptake is 
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commonly associated with the uptake of small particles, so it is curious that this process 
was so important for particle uptake in this study (with a majority of our particles ranging 
from 100-700 nM in diameter) (29). However, it is also possible for caveolae to take up 
materials that are larger than the diameter of caveolae, as visualized using transmission 
electron microscopy. As caveolae are important in the transcytosis of materials across 
epithelial membranes (30), caveolae-mediated transcytosis may, in part, explain the 
potential migration of particles through epithelial barriers and into internal tissues, as 
demonstrated in the whole insect exposure work discussed previously. Because Aag2 cells 
have been characterized as an epithelial cell line, this study may provide insight in the 
movement of these particles across specific biological membranes. Other endocytotic 
pathways may also be involved in intracellular uptake as the pharmacological panel of 
inhibitors was not comprehensive and the ability of these to function on Aag2 cells has not 
been previously explored.  
 
Conclusion 
The exploration of 20:80 CPH:SA and 20:80 CPTEG:CPH micro and 
nanoparticle biodistribution in adult female Aedes aegypti mosquitoes was successful and 
highlighted their ability to migrate within a variety of mosquito tissues. By both 
associating with whole tissues and cells, these particles represent promising delivery 
vehicles for insecticides, particularly those that are potent insecticides that lack the innate 
capacity to translocate across the cuticle.  Their relative low toxicity to mosquitoes and 
other organisms highlights their benign characteristics as future insecticidal formulants. 
Also, the ability of these chemistries to both adhere to the exterior of the insect and 
204 
 
migrate through the cuticle make them ideal carriers for the trafficking of current and 
future insecticidal technologies. These may be exploited for the more specific delivery of 
insecticidal molecules to target sites within insects or enable the transport of insecticides 
to other environments, as relevant to auto-dissemination techniques. This research 
highlights their utility as agnostic vehicles for the delivery of select and potent toxic 
molecules for the control of vector and other arthropod species. 
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Figures 
 
Figure 6.1. Amount of part icles associated with adult female Aedes aegypti legs or whole bodies (without legs) after a 48-hr exposure 
to nanoparticles via contact with a treated surface. CPH:SA particles were more likely to associate with mosquito legs than 
CPTEG:CPH particles; however, the converse was true for mosquito whole bodies.  
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Figure 6.2. Mortality of Aedes aegypti adult female mosquitoes exposed to blank nanoparticles (not labeled with rhodamine B). 
Little-to-no mortality was observed throughout the 8 day exposure interval, indicating these particles are not toxic at the concentration 
applied in this assay.  
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Figure 6.3.  Association of CPH:SA particles with external tissues of Aedes aegypti as visualized with epifluorescent microscopy. 
Mosquito legs, proboscis, and ventral abdomen were labeled with this particle chemistry.  
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Figure 6.4. Association of CPTEG:CPH particles with external tissues as visualized with epifluorescent microscopy. Only mosquito 
legs were labeled with this particle chemistry.  
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Figure 6.5. Representative images of internal tissues labeled with both particle chemistries compared to the control. Arrows 
represent tissues with high levels of labeling compared to the control.  
 
 
 
 
 
 
 
 2
1
2
 
 
Figure 6.6. Mean value fluorescence of tissue samples from mosquitoes exposed to a particle-treated surface. The letters represent 
statistically significant differences between fluorescence intensity among various tissues and particle exposures. An ANOVA with a 
Bonferroni post-hoc analysis (α = 0.05) was used to assess differences among treatment groups and tissues. Malpighian tubules were 
labeled most intensely as compared to other tissues, and CPTEG:CPH was more often observed in internal tissues, in general, compared 
with CPH:SA particles.  
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Figure 6.7. External labeling of mosquitoes after topical application with a suspension containing CPH:SA particles. Particle 
labeling was diffuse throughout external tissues. Rhodamine B labeling was most apparent at intersegmental membranes between 
various sclerites of the exposed insect.  
 
 
 
Figure 6.8. External labeling of mosquitoes after topical application with a suspension containing CPTEG:CPH particles. Particle 
labeling was diffuse throughout external tissues and even apparent on the wings of treated mosquitoes. Rhodamine B labeling was less 
intense compared with labeling observed in the CPH:SA trials.  
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Figure 6.9. Percentage survival of mosquitoes exposed to no treatment, blank CPH:SA particles, or blank CPTEG:CPH particles 
via topical application. No differences in percentage mortality were noted between the particle and control treatments until day 6. 
CPH:SA particles produced lower survival compared to CPTEG:CPH particles; however, this difference was not statistically significant 
in this experiment.  
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Figure 6.10. Rhodamine B labeling of internal tissues in mosquitoes exposed to a control suspension, CPH:SA particle 
suspension, or a CPTEG:CPH particle suspension. All particle chemistries were capable of labeling internal tissues in this 
experiment. Malpighian tubules were among the most significantly labeled tissues and CPTEG:CPH particles were most likely 
to label internal tissues.  
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Figure 6.11. Mean value fluorescence of tissue samples from mosquitoes exposed to particle suspensions applied topically to the 
pronotum. The letters represent statistically significant differences between fluorescence intensity among various tissues and particle 
exposures. An ANOVA with a Bonferroni post-hoc analysis (α = 0.05) was used to assess differences among treatment groups and 
tissues. Malpighian tubules were labeled most intensely than other labeled tissues and CPTEG:CPH was more capable of labeling 
internal tissues, in general, compared with CPH:SA particles.
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Figure 6.12. Association kinetics of CPH:SA and CPTEG:CPH particles applied to Aag2 
cells. A majority of cells associate with both particle chemistries within two hours and this 
association increases steadily at 24 hours after treatment. The number of cells labeled with 
particles were enumerated on slides of fixed cells that were exposed to both particle 
chemistries. CPTEG:CPH particles were more capable of associating with cells compared 
to CPH:SA particles. This experiment demonstrates the potential of these particles to 
associate quickly with cells 
 
 
 
 2
1
8
 
 
 
 
 
Figure 6.13. Epifluorescent microscopy of Aag2 cells exposed to particles for 2 hr. DAPI was used to visualize the nucleus and 
phalloidin-Alexafluor 488 (green) was used to visualize the actin of the cells. Rhodamine B-labeled particles appear as red. Large 
particle aggregates are apparent after this initial exposure after rinsing cells suggesting strong association with exposed cells.  
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Figure 6.14. Confocal microscopy of Aag2 cells exposed to rhodamine B-labeled CPH:SA or CPTEG:CPH particles for 24 hours. 
DAPI was used to visualize the nucleus and phalloidin-Alexafluor 488 (green) was used to visualize the actin of the cells. Rhodamine 
B-labeled particles appear as red. Visualization via this method illustrates the ability of particles to be internalized within exposed 
cells. While particles internalized within exposed cells, they did not internalize with the nuclei of exposed cells.  
 
 
 
 
 
 
 
 
 
 2
2
0
 
 
 
 
Supplemental Figure 6.1. Scanning electron micrograph of nanoparticles in this exploration. 
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Figure 6.15. The percentage of Aag2 cells associated with particles (bars) ± SEM and 
the percentage viability of Aag2 cells (lines) ± SEM of cells exposed to various 
concentrations of pharmacological inhibitors of endocytosis. Dynasore and 
monodansylcadaverine did not produce a statistically significant effect on the association 
of Aag2 cells with particles. Nystatin did significantly decrease the percentage of cells that 
associated with both CHP:SA and CPTEG:CPH particles.  
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CHAPTER 8. GENERAL CONCLUSIONS 
 
 
Through the research presented in this dissertation, my co-authors and I have 
further characterized the bioactivity of a number of plant essential oils and their constituent 
terpenoids and explored the distribution of a novel, biodegradable delivery technology in 
insect pests. With insects becoming more resistant to a number of synthetic insecticides on 
the market, new technologies need to be explored. As a society, we do not always fully 
realize the impact of insects on our food production, the well-being of our livestock, and 
public health. To lose the various control technologies that we as a global society rely on 
to control insect pests and vectors due to insecticide resistance or ever-growing stringency 
in pesticide application policies would be catastrophic. Prior to its ban in the US in 1972 
and its phasing out in other countries afterwards, it is estimated that 
dichlorodiphenyltrichloroethane (DDT) saved approximately 500 million lives (1) simply 
by limiting malaria cases in the two short decades it was heavily in use. While other 
insecticides have been utilized as replacements for DDT since its ban, this number serves 
as a testament to the mortality and morbidity that could exist in a world without synthetic 
insecticides. While returning to this pre-insecticide world is not imminent, it is inevitable 
without the continual development of novel insecticidal chemistries and strategies. The 
treadmill of insecticide-resistance development forces chemists and insecticide 
toxicologists to search for new strategies, or face the inability to control pest arthropods.  
 When thinking about strategies to implement in the future of pest control, there are 
a number of methods that could be exploited for the more efficacious control of insects and 
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public health vectors. For the sake of this discussion, I will break them, categorically, into 
three distinct groups. These can be thought of broadly as integrated, molecular, and 
chemical pest control modalities. Examples of some of these methods can be found 
throughout history, and have proven to be quite successful. By framing pest control 
methods in these categories in this General Conclusions section, it is possible to think about 
the future of pest control and the place of plant chemistry and the relevance of my research. 
 Integrated pest control methods have been the most utilized prior to the 
development of chemical control agents. According to the Healthy Schools Act of 2000, 
these control strategies usually exploit the environment to disrupt, or interrupt, the life 
cycle of pest arthropods in agricultural systems or for the aim of preventing human and 
veterinary disease (2). By limiting the availability of necessary resources that pest 
arthropods require for their development, these methods can be highly effective if executed 
properly. One of the biggest success stories of integrated pest control is the eradication of 
malaria from the continental United States in the 20th century. Multiple forms of human 
malaria was endemic to the continental U.S. after the slave trade, including the most deadly 
of all forms, the form caused by Plasmodium falciparum (3). After the discovery of the 
role of mosquitoes in the transmission of this causative agent of malaria, a federal campaign 
was initiated to eradicate mosquitoes as the harbingers of the insidious parasite. This 
campaign involved the dredging of swamps to target the larval breeding sites of the most 
dangerous vectors of malaria (4). Plant essential oils and the terpenoids they are comprised 
of may serve as important tools in integrated vector control programs. Rather than spraying 
large amounts of these compounds to kill mosquitoes, they may be exploited to repel 
arthropods from the vertebrate host. As discussed in the Introduction of this dissertation, 
224 
 
plant essential oils and their constituent terpenoids are highly repellent to a wide variety of 
arthropods. By utilizing them to protect vertebrate hosts or placing them as part of a 
strategic push-pull systems, they could be exploited for the control of a variety of pest 
arthropods. These methods are still being evaluated but show promise (5-9). Rather than 
adapting new chemistries for the control of arthropods via the same chemical control 
methods, we as entomologists and toxicologists may choose to selectively apply control 
chemistries in places or times that exploit the inherent biology of the pest arthropods. For 
example, rather than spraying an entire agricultural field with an insecticide, it may be 
more prudent to apply at the borders of the field and apply a plant-based attractant to this 
perimeter. This would serve to selectively target pest arthropods, while simultaneously 
delivering a high-dose to exposed individuals and lowering the overall amount of 
insecticide applied in the environment. There are numerous examples of similar integrated 
control practices that so elegantly marry the efficacy of chemical and integrated pest 
control. This is but one encouraging example of the future of pest control, and plant 
terpenoids represent more promising, safer, and sustainable alternatives to synthetic 
insecticides within this paradigm.  
 Molecular control methods are burgeoning and exciting tools at the forefront of pest 
control, and their true utility has yet to be fully actualized. For this discussion, I will define 
molecular control approaches as any technologies that exploit the Central Dogma of 
biology for the control of pest arthropods. These approaches may be utilized to shutdown 
or modulate the production of specific gene/protein products necessary for the physiology 
of the pest. These strategies would, in turn, disrupt the biology of the pest arthropod or kill 
it, outright (10-12). Moreover, they may change the physiological underpinnings of 
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parasite/pathogen-arthropod host interactions to no longer allow for infection and 
subsequent transmission to the next vertebrate host (13-15). Finally, they may also, via the 
disruption of select genes, sterilize insects, and through the mating of sterilized insects with 
wild-type individuals would produce non-viable eggs or offspring (16-19). These end 
products may be achieved via a variety of technologies, such as RNAi, siRNA, 
Crispr/Cas9, and irradiation and are labeled under a variety of different names that speak 
to their desired product (e.g. gene-drive, sterile insect technique, Friendly Mosquitoes, 
RNAi Knockdown, etc.) (20-23). One of the primary hurdles in the deployment of these 
technologies is the delivery of these molecular triggers (i.e. the agent that manipulates the 
production of select gene/protein outputs) that modulate gene expression.  
The research performed as part of my dissertation work may be particularly relevant 
in the development of novel molecular control approaches. Nanoparticles/microparticles 
have been explored as delivery vehicles for dsRNA, the molecular triggers for RNAi 
knockdown of select genes. As identified in the research performed in my dissertation, 
CPTEG:CPH and CPH:SA nanoparticles localize to distinct tissues within mosquitoes 
exposed to these particles via a variety of different routes. In addition, these particles also 
localize internally within cells. This may suggest their potential to deliver dsRNA in future 
control strategies. By coupling dsRNA to particles that localize to specific regions of a pest 
arthropod, it may be feasible to shutdown select genes that are crucial for the physiology 
of the targeted tissues. For example, it may be possible to shutdown the expression of 
inward rectifying potassium pumps in the malpighian tubules of insects. These pumps are 
crucial for the osmotic regulatory functions of the malpighian tubules (24). This could 
disrupt ion trafficking within the insect in question and could lead to death due to 
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water/solute concentration imbalance. As the malpighian tubules were the most 
significantly labeled by rhodamine B-labeled particles in my dissertation research, this 
example is particularly apt. Another hurdle of RNAi knockdown approaches for the control 
of insect pests is the relatively short half-life of dsRNA in the environment. By 
encapsulating dsRNA designed to knockdown expression of specific gene products, it may 
be possible to significantly prolong its environmental half-life allowing for fewer 
applications and increased bioavailability to target pest species. This approach has been 
utilized for the delivery of small molecule siRNAs (25), and it may translate well to dsRNA 
molecules for RNAi. Previous studies have suggested this as a potential benefit of coupling 
dsRNA to nanoparticle delivery technologies (26).   
 Chemical control methods are some of the most available and efficacious 
technologies to-date. Chemical control technologies involve the application of small 
molecule agents that disrupt the biology of pest arthropods, with the most common 
intention of killing or repelling them from particular environmental foci. The era of 
synthetic insecticides, which was ushered in with the advent of DDT, certainly saved 
hundreds of millions of human lives and bettered the lives of man and beast alike (27, 28). 
However, this era of public health protection from vector-borne diseases was mired by the 
persistence of many of the organochlorine insecticides, the ability of someof these 
compounds to bioaccumulate in food chains and cause declines in bird populations through 
egg shell thininng; and the high mammalian, avian and fish toxicity of the later era synthetic 
insecticides (e.g. organophosphates and carbamates) (29-32). Despite the human health and 
environmental risks involved in the implementation of synthetic insecticides in pest 
control, their utility in public health programs cannot be underestimated.  
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As with the development of resistance by bacteria to antibacterial chemistries, the 
development of resistance to synthetic insecticides represents one of the largest threats to 
public health and global food security, as evidenced by the market share of global pesticide 
sales (33). My dissertation research successfully explored the toxicity and 
modes/mechanisms of action of plant essential oils and their constituent chemistries. This 
information may be utilized to evaluate the potential of these chemistries in future 
insecticidal formulations.  
Chapter Two of my dissertation characterized the toxicity of numerous plant 
essential oils to adult female mosquitoes of medical importance and further related this 
toxicity to the LD50 values of some of the most toxic synthetic insecticides to mosquitoes, 
the pyrethroids. From this work we ranked the toxicity of plant essential oils and 
categorized their toxicity with respect to pyrethroid toxicity. All plant essential oils were 
significantly less toxic compared to pyrethroids; however, some were more toxic than other 
plant oils. This work may allow for the identification of toxic natural components from the 
most toxic plant essential oils. These compounds may serve as precursors for the 
development of biorational or synthetic insecticides that exploit the toxophore of these 
naturally occurring compounds.  
In the work presented in Chapter Three, we evaluated the potential of select plant 
essential oils to enhance/synergize multiple pyrethroids against Aedes aegypti mosquitoes. 
As resistance to synthetic pyrethroids is a significant problem in the field today (34), this 
study is particularly relevant. From this work, we identified that plant essential oils could 
significantly enhance and synergize various pyrethroid insecticides. In general, type I 
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pyrethroids were more synergized by plant essential oils that type II pyrethroids. These are 
important findings for the future production of novel insecticidal formulations that exploit 
plant essential oils for their toxicity and ability to synergize pyrethroids. This research also 
demonstrated that plant essential oils also significantly inhibited malathion efficacy. This 
result suggested that plant oils were capable of inhibiting oxidative activation by 
cytochromes P450 monooxygenases 
In Chapter Four, we broadened this exploration into pyrethroid-resistant strains of 
Aedes aegypti and Anopheles gambiae. This work further corroborated the findings from 
Chapter Three and demonstrated that this synergistic/enhancing effect of plant essential 
oils was also apparent on another species of mosquito. Interestingly, enhancement was less 
appreciable on the insecticide-resistant strains screened in this study. This may be due to 
the multiple mechanisms present in each of these strains. As these strains have multiple 
resistance mechansism (e.g. KDR, upregulated cytochromes, etc. (35-37)), it may be 
difficult to elucidate the contributions of plant essential oils to the enhancement of various 
pyrethroids in this study. This study further highlighted the ability of plant essentials oils 
to inhibit the activity of various detoxification enzymes at the concentrations applied in 
this study. This work could lay the groundwork for the future development of select 
insecticide synergists identified from these plant oils. Further work will need to be 
performed to identify the select terpenoids involved in the inhibition of these various 
enzymes. This may involve the quantification of IC50 values of these terpenoids screened 
against select detoxification enzymes, the screening of biorational derivatives/analogs of 
these terpenoids against specific detoxification enzymes, and the screening of mixtures of 
these terpenoids in combination with various pyrethroids to identify whether optima exist 
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in their ratios in formulation. Finally, these terpenoids/plant essential oils need to be 
screened in combination with other insecticidal classes to evaluate their potential to 
enhance/synergize other insecticdes.  
In Chapter Five, we describe the results from screening various terpenoids against 
a cell line that was stably transfected with an octopamine receptor from the American 
cockroach. This was done to better understand the activity of plant essential oil terpenoids 
at this receptor and to relate this activity to in vivo toxicity This research demonstrated that 
plant terpenoids were capable of both positively and negatively modulating the activity of 
this receptor. Although this modulation was not directly related to in vivo potency 
evaluated by injecting terpenoids into cockroaches, it did highlight the ability of these 
compounds to modulate this receptor. While octopaminergic modulation may not be 
significantly linked to mortality within the American cockroach, other insects may be 
susceptible to the physiological changes evolved from the modulation of this receptor.  
In Chapter Six, we explored the biodistribution of biodegradable particles in the 
Yellow fever mosquito, Aedes aegypti, after exposure via a number of different routes. This 
work demonstrated that these particles sufficiently traverse the cuticle, and label tissues 
within the insect. Moreover, Malpighian tubules were among the most significantly labeled 
tissues. This suggests that these particles are distributed throughout the insect and localize 
differentially within specific tissues. Moreover, these particles patitioned into insect cells. 
This highlights the potential of these particles to deliver small molecule insecticides to 
various tissues, including plant essential oil terpenoids and potentially dsRNA. It is 
possible that by increasing the internal delivery of these chemistries their efficacy might 
be significantly improved.  
230 
 
 
It is possible to think of the development of chemical pest control strategies from 
two main paradigms. The toxicodynamic aspects of toxicant efficacy and the toxicokinetic 
facets of toxicant localization. The toxicodynamic aspects involve the activity of toxicants 
at a target site. The biochemistry of the toxicant at a specific receptor or enzyme, including 
the affinity of toxicant to a specific binding site, the ability of the compound to modulate 
the receptor or enzyme in a way that produces a physiological output, and the clearance of 
the compound from the receptor or the enzyme are important considerations for the 
developing insecticidal chemistries. In Chapters Two and Five, we explored this aspect of 
plant essential oils and their constituents by characterizing their intrinsic toxicity to a model 
organism and the activity of these various compounds at a particular octopamine receptor, 
a site plant terpenoids are known to act from a previous report (38-40).  
In conclusion, this research highlights the potential of plant essential oils and their 
constituent terpenoids to significantly modulate the physiology of pest arthropods. This 
modulation can be further exploited for the development of new insecticidal and pesticidal 
formulations. By taking advantage of their toxicity, ability to inhibit detoxification 
enzymes and synergize currently available insecticides, and exploring new ways to deliver 
them to pest arthropods, we may be able to produce pesticidal formulations that include 
these various agents. It is my hope that this research will serve the researcher community 
in the development of safer and more sustainable pest control technologies. Equally as 
important, this research has taught me some of the most important tenants of insecticide 
toxicology. Developing insecticidal technologies while taking into account the intrinsic 
activity at a target site, the bioavailability of the insecticide after initial exposure, and the 
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delivery of the insecticidal agent is a more holistic means that ensures that these chemistries 
will be effective.  
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APPENDIX. ASSESSING THE SYNERGISTIC PROPERTIES OF FRACTIONS                  
OF PLANT ESSENTIAL OILS AND SPECIFIC TERPENOIDS 
 
 
Abstract 
 Multiple oils were identified to be synergists when applied in combination 
with various pyrethroids in previous chapters of this dissertation. These oils may represent 
potential alternatives to synthetic synergists used on the market. It is likely that individual 
constituents of these oils are responsible for the bioactivity observed throughout this body 
of work; their elucidation may allow for the development of future insecticides and 
synergists. To better understand the contribution of select constituents of these oils in 
synergizing various pyrethroids, select plant essential oils were fractionated to obtain 
samples of differential constituents that could be screened for synergistic character. To do 
this, we applied these fractions in combination with natural pyrethrins and permethrin 
against house flies and mosquitoes to evaluate the potential of these oils to enhance or 
synergize these insecticides. From this work, we identified the major fractions of these oils 
most likely to enhance permethrin and natural pyrethrins. We finally explored the degree 
to which individual cedarwood Texas constituents synergized natural pyrethrins. From this 
work, we identified that both cedrene and thujopsene synergized natural pyrethrins and 
may account for the synergism observed by the whole oil and the non-polar fraction 
obtained in this study.  
 
Materials and Methods 
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Plant essential oils and column 
 Cedarwood (Texas type), patchouli, and geranium oil and corresponding gas 
chromatography/mass spectroscopy of constituent chemsitries were provided by Berjé Inc. 
Silica was purchased from SiliCycle Inc. Hexanes and ethyl acetate were obtained from 
SigmaAldrich.  
 
Column chromatography 
A sample of each essential oil (approximately 0.5g) was separated by column 
chromatography (silica gel 40-63 μm) using analytical grade solvents hexanes and ethyl 
acetate (15:85) and 20-30 fractions were collected of increasing polarity of approximately 
3 mL each. All fractions were subjected to thin-layer chromatography (TLC) for pooling 
and visualization using short wave (254 nm) ultraviolet light. On the basis of TLC 
screening of the individual fractions, fractions were grouped into 3-4 pools per oil. Gas 
chromatography coupled to a flame ionization detector was used to visualize the separation 
of components (or enrichment of select terpenes/terpenoids) into distinct pools. For the 
more detailed evaluation of the most promising fractions in cedarwood texas, GC-MS was 
used to identify the major constituents with cross referencing known major constituents 
commonly found within this cedarwood oil. 
Topical application 
Mosquitoes 
Adult female mosquitoes were anesthetized with CO2 and transferred to a petri dish 
on ice to prevent reanimation. A Whatman 2 filter paper was placed on the bottom of the 
petri dish to soak up excess condensate. A total of 25 adult female mosquitoes were treated 
with each insecticidal solution (LD25 of permethrin or LD25 of permethrin in combination 
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with 5% plant essential oils or plant essential oil fractions). All insecticidal solutions were 
made in certified acetone (SigmaAldrich) with certified acetone applied as the control. A 
0.2 μL syringe was used to apply insecticidal solutions to the pronotum of the insect. After 
treatment, mosquitoes were transferred to an 8-ounce deli cup with tulle placed over the 
lid. A 10% sucrose solution was provided ad libitum to prevent dessication. Percentage 
mortality was monitored at 24 hr, post application. Multiple samples of mosquitoes were 
weighed to obtain an average weight per individual. At least 50 individuals were weighed 
per sample and over 5 samples were taken of different mosquito cohorts for this analysis.  
House flies 
Adult house flies (mixed sex) were anesthetized with CO2 and transferred to an 
enamel pan placed on ice to prevent reanimation. A total of 10 adult flies were treated with 
each insecticidal solution (LD25 of natural pyrethrins or LD25 of natural pyrethrins in 
combination with either 1% or 5% cedarwood Texas oil). Similar to mosquito topical 
applications, all insecticidal formulations were made in certified acetone (SigmaAldrich) 
with certified acetone applied as the control. A 0.5 μL syringe was used to apply 
insecticidal solutions to the ventral abdomen of each individual. After treatment, house 
flies were transferred to a 16-ounce mason jar with a metal mesh placed over the top to 
prevent escape. A kim wipe was moistened with a 10% sucrose solution and placed at the 
bottom of the mason jar to prevent dessication of flies. Percentage mortality was monitored 
at 24 hr, post application. At least four solutions of natural pyrethrins applied alone were 
used that caused between 10 and 90% mortality. Cedarwood Texas oil or its fractions were 
applied before the application of the natural pyrethrins solutions to assess potential 
synergism. Multiple samples of mosquitoes were weighed to obtain an average weight per 
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individual. At least 50 individuals were weighed per sample and over 5 samples were taken 
of different mosquito cohorts for this analysis. 
 
Data analysis 
Percentage mortality was recorded and averaged among the multiple replicates 
obtained (obtained from at least three biological cohorts). LD50 values were calculated 
using SAS 9.4 with a PROBIT model (Cary, NC). An OPTC correction was used to correct 
for control mortality.  
  
Results 
Plant oil fractionation 
Plant oils were successfully fractionated using column chromatography and thin 
layer chromatography to identify distinct terpenes and terpenoids present within each 
collected fraction. Obtained column fractions were pooled into 2-4 distinct fraction pools 
(e.g. Fraction A, Fraction B, etc.) representing different polarities. Fraction A represented 
the most non-polar fraction for each of the oils obtained. GC-FID analysis identified that 
our oils were successfully separated into various fractions with different polarities. Figure 
1 presents the distinct peaks in patchouli oil fractions as an example. This is highlighted 
by the different peak profiles observed in each of the chromatograms. Also, the earliest 
compounds to elute off of the GC column were in lowest abundance in the later stage 
fractions (e.g. Fraction B, FractionC). The second set of fractions obtained from the 
cedarwood Texas oil were also unique from one another. Figure 1 highlights the TLC 
obtained from this set of fractions, visualized under short-band UV light. Clear separation 
of major constituents is evident. Using GC-MS to identify the major constituents of 
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Fraction A (i.e. the fraction that was most successful at synergizing permethrin in 
mosquitoes), thujopsene and cedrene were identified as the major constituents, with total 
abundances of approximately 74% and 23%, respectively (Figure 5A and B).  
 
Mosquito topicals 
The LD25 of permethrin alone produced 23.2 ± 4% mortality over the multiple 
replicates. Applied in combination with patchouli oil 5%, the percentage mortality was 78 
± 5% at 24 hr. This constitutes a significant increase in mortality compared to permethrin 
alone. Among the two fractions obtained for patchouli oil, Fraction B caused the highest 
percentage mortality when applied in combination with permethrin. The observed 
mortality of 53.3 ± 10% was statistically significant from the LD25 of permethrin alone. 
Patchouli Fraction A did not significantly increase the toxicity of permethrin when applied 
in combination with this insecticide.  
When applied in combination with 5% cedarwood Texas (CWT), percentage 
mortality increased to 42 ± 8.84% mortality. Fraction A significantly enhanced the efficacy 
of permethrin, producing 57.3 ± 13% mortality when applied in combination with the LD25 
of permethrin. Both fractions B and C did not produce statistically greater mortality than 
the LD25 of permethrin applied alone.  
The most efficacious fraction of geranium (bourbon) oil was also identified. The 
LD25 of permethrin in this set of experiments produced 21.3 ± 9% mortality. This was in 
stark contrast the geranium (bourbon) Fraction C, which produced an average mortality of 
69.6 ± 6%. Fraction B also produced statistically higher leves of mortality than the LD25 of 
permethrin applied alone. Fraction A did not produce statistically higher mortality 
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compared to the LD25 of permethrin when applied in combination with the LD25 of 
permethrin.  
 
House fly topicals  
Cedarwood Texas and its fractions were screened as synergists against house fly 
adults in combination with natural pyrethrins. Cedarwood Texas oil was capable of 
significantly synergizing natural pyrethrins at both the 1% and 5% concentrations. Also, 
the oil itself applied at both these concentrations produced little mortality. This percentage 
mortality was not statistically greater than that produced by the vehicle control (acetone 
alone). A synergistic ratio of 2.88 and 3.41 were observed for the 1% and 5% cedarwood 
Texas oil treatments, respectively. PBO at 1% produced a slightly synergistic ratio (5.68) 
than both the 1% and 5% cedarwood Texas application. The cedarwood Texas fractions 
caused very different synergistic ratios than the oil itself. Fraction A produced synergistic 
ratios of 0.79 and 11.5 for the 1% and 5% applications, respectively. Fraction B synergized 
natural pyrethrins to a lesser extent with 1.64 and 7.07 synergistic ratios for the 1% and 5% 
applications. Fraction C did not produce any observable synergism and even antagonized 
natural pyrethrins. Fraction D produced slight amounts of synergism with synergistic ratios 
of 1.04 and 1.73. A major component within Fraction A, thujopsene, was purchased pure 
(>98%) from SigmaAldrich and screened as a synergist. It produced synergistic ratios at 
both the 1% ad 5% application concentrations of 3.26 and 5.2, respectively. Cedrene was 
also capable of causing significant synergism of pyrethrins with synergistic ratios of 4 and 
3.68 for the 1% and 5% application concentrations, respectively.  
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Discussion 
Our study to identify the fractions of select plant essential oils that most 
significantly synergized permethrin and natural pyrethrins was successful. We were able 
to successfully fractionate and enrich specific terpenoids in select fractions for testing in 
order to identify which terpenoids may be the most bioactive. The fractionation of plant 
essential oils was successful, with each of the major fractions obtained successfully 
enriching various terpenes and terpenoids present in the oils. Geranium oil, patchouli oil, 
and cedarwood Texas oil were all fractionated accordingly into three distinct fractions with 
unique chromatogram profiles.  
Within mosquitoes, we further confirmed previous reports of the synergistic 
properties of geranium oil and cedarwood Texas oil. For geranium oil, the most polar 
fraction, Fraction C was the most enhancing, and produced statistically significant 
enhancement. As this fraction was not screened without permethrin, it is impossible to 
evaluate whether this increased mortality is synergistic or simply additive. However, these 
results are promising leads in the identification of the most toxic or most synergistic 
components of geranium bourbon oil when applied in combination with permethrin. 
Taking into account the polarity of this fraction and the constituents of geranium oil 
(Bourbon type), it is likely that the most bioactive terpenoids are highly polar. Geranium 
bournon oil possesses a wide array of terpenoid constituents making suggestive reports of 
the most bioactive terpenoids difficult. While this study identifies the most polar 
compounds as the most enhancing, further work must be performed to identify the most 
bioactive individual molecules.  
Cedarwood Texas oil also caused notable enhancement compared to the LD25 of 
permethrin alone. When fractionated in this first experiment on mosquitoes, the non-polar 
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fraction most significantly enhanced permethrin. These results indicate that the most 
bioactive terpenes in this oil are most likely the hydrocarbon sesquiterpenes. 
Sesquiterpenes are present in relatively high abundance in this plant essential oil (citation). 
While individual terpenes were not screened against mosquitoes, these results strongly 
suggest that these compounds may act to synergize permethrin against the yellow fever 
mosquito.  
Cedarwood Texas oil was further fractionated into 4 fractions for screening against 
house flies. Again, enrichment of distinct terpenes/terpenoids was successful. Among the 
various fractions screened, Fraction A was the most successful at synergizing pyrethrum. 
This synergistic effect was only noticeable at the 5% application concentration. The lack 
of synergism caused by this fraction at the 1% concentration may indicate that this 
concentration is below the level required to inhibit various detoxification enzyme 
processes. Fraction B caused appreciable synergism at both the 1% and 5% application 
concentrations; however, this synergism was less than that produced at the 5% 
concentration by Fraction A. These results could indicate that a constituent present in 
Fraction A is also found in Fraction B, but to a lesser degree. This would allow for 
synergism in both Fractions as some of the major components could be shared in both 
fractions. Fractions C and D produced very little synergism indicating that these fractions 
do not possess highly bioactive molecules.  
To further characterize the most synergistic constituent within cedarwood Texas 
oil, thujopsene was screened for its synergistic potential in combination with natural 
pyrethrins. Thujopsene produced significant levels of synergism; however, this synergism 
was lower than that produced by Fraction A itself. While thujopsene may be contributing 
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to the synergistic potential of Fraction A and cedarwood Texas oil itself, other components 
may play an active role. Another report demonstrated that thujopsene, cedrene, and cedrol 
were all capable of inhibiting CYP 450 enzymes within humans. Of the three constituents, 
thujopsene was one of the most successful at inhibiting a wide variety of CYP 450 enzymes 
screened1. Moreover, thujopsene was noted as a mechanism-based inhibitor (i.e. suicide 
inhibitor) of CYP2C8, CYP2C9, and CYP2C19. This may indicate a similar mechanism 
of enzyme inhibition in house flies. It will be valuable to screen β-cedrene and α-copaene 
to evaluate the degree to which they synergize natural pyrethrins, as well. In this report, α-
cedrene was used as a proxy for β-cedrene due to availability. It was observed that α-
cedrene was also a significant synergist of natural pyrethrins. These were the major 
constituents in Fraction A isolated from cedarwood Texas in this exploration, so it may be 
valuable to acquire pure screening stocks from various commercial suppliers for future 
testing.  Α-cedrene was also effective at synergizing natural pyrethrins in this system.   
While cedrene was not considered to be more effective at inhibiting human CYP 450 
enzymes than either cedrol or thujopsene, β-cedrene did significantly inhibit select 
isoforms1.  
These results indicate that select fractions and plant terpenoids selectively enhance 
or synergize pyrethroids within flies and mosquitoes. Moreover, this report highlights the 
most bioactive fractions present within these oils in order to identify the most bioactive 
terpenoids. Thujopsene and cedrene were identified in the most bioactive fraction of 
cedarwood Texas and by themselves also synergized natural pyrethrins. This suggests the 
potential to use these molecules as synergists in future insecticidal formulations. 
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Figures 
 
Figure A.1. Separation of patchouli oil contituents into two major fraction pools based on the polarity of each obtained fraction. 
This method of fractionation enriched specific terpenoids within the oil, so that screening could potentially identify the most bioactive 
components and rule out others. 
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Figure A.2. Bioactivity of patchouli oil fractions applied in combination with the LD25 
of permethrin against adult females of Aedes aegypti. Fraction B significantly enhanced 
the efficacy of the LD25 of permethrin applied alone. 
 
 
Figure A.3. Bioactivity of geranium Bourbon oil fractions applied in combination with 
the LD25 of permethrin against adult females of Aedes aegypti. Fraction A significantly 
enhanced the efficacy of the LD25 of permethrin applied alone. 
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Figure A.4. Bioactivity of cedarwood Texas oil fractions applied in combination with 
the LD25 of permethrin against adult females of Aedes aegypti. Fraction A significantly 
enhanced the efficacy of the LD25 of permethrin applied alone. 
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Figure A.5A. Chromatogram highlighted the major peaks present within cedarwood 
Texas oil Fraction A. Thujopsene (with accompanying mass spectrum) comprises 
approximately 74% of this fraction and may be responsible for the bioactivity of this 
fraction.  
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Figure A.5B. Chromatogram highlighted the major peaks present within cedarwood 
Texas oil Fraction A. Cedrene (with accompanying mass spectrum) comprises 
approximately 23% of this fraction and may be responsible for the bioactivity of this 
fraction.  
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Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A.1. LD50 values of natural pyrethrins applied alone or in combination with 
various synergists against house fly adults. The synergistic ratio (SR) is presented 
indicating the relative amount of synergism produced by each constituent.  
 
Compound N LD50 (μg/g fly) SR 
Natural 
Pyrethrum 290 92 -- 
+ PBO 1% 100 16.2 5.68 
+ CWT 1% 200 32 2.88 
+ CWT 5% 310 27 3.41 
+ CWT Frac A 1% 150 116 0.79 
+ CWT Frac A 5% 100 8 11.5 
+ CWT Frac B 1% 160 56 1.64 
+ CWT Frac B 5% 110 13 7.08 
+ CWT Frac C 1% 160 207 0.35 
+ CWT Frac C 5% 110 143 0.64 
+ CWT Frac D 1% 240 88 1.04 
+ CWT Frac D 5% 240 53 1.73 
+ Thujopsene 1% 120 28.2 3.26 
+ Thujopsene 5% 120 17.6 5.20 
+ α-Cedrene 1% 100 23 4 
+ α-Cedrene 5% 100 25 3.68 
